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JANUARY, 1933 

SEASONAL ABSORPTION OF NUTRIENT SALTS BY THE 
FRENCH PRUNE GROWN IN SOLUTION CULTURES 
Harold L. Colby 
(with eight figures) 

Introduction 

Splendid tlieoretieRl as well as practical work has been done by German 
scientists on seasonal absorption of nutrient salts from the soil by forest 
trees, both coniferous and dicotyledonous. As a result, the German for- 
<\sters have found it desirable to increase the efficiency of the utilization of 
soil nitrate over the entire season, by employinj^ the mixed type of forest 
l)lantin^, instead of plantinj^* pure stands of a siuj^le species of timber tree. 
Different species of forest trees have very different periods of nitrate ab¬ 
sorption, ranj^inj? from the “early season^' nitrate absorbers (the pines, 
<‘tc.) to the “late fall” absorbers (the horse-clu^stnut, and others) (32). 

Xo similar seasonal absorption studies have been made for any of our 
de(*iduous fruit trees. The practical importance of such studies in relation 
to commercial fertilization of orchard trees is obvious. The theoretical 
importance to a final understanding of fruit-tree physiology is perhaps of 
still greater importance. There is reason to believe that fruit trees obtain¬ 
ing a moderate* supply of a giA^eii element early in the growing season, but 
sev(»rely starved for that element later in the season, will behave very dif¬ 
ferently from trees continuously starved, or from trees “fed^^ only late in 
the growing season or during the entire season. Seasonal absorption is 
l)artly inherent; that is, it is a characteristic of the variety, and partly 
subject to alterations in the soil solution and to other environmental changes. 

Historical resume 

The course of nutrient absorption throughout the growing season by 
most of our field-crop plants has been well known for some time. Thorough 
studies were made on absorption by forage crops, grain crops, and root 
eroi)s by such German workers as Wolff (56), Knop (17), Sachs (41), 
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Ltebscijer (21), and others. Yet at the present time, apparently no work 
has been publisl^ed on the seasonal absorption in fruit trees. Certainly no 
such AN ork with trees grown in water culture has previously appeared; yet 
chemical analyses of ])artieular parts of orchard trees, taken at various 
seasons of the year, ai*e plentiful enough. The seasonal nutrition of forest 
trees is comparatively well understood, thanks to the rather recent efforts 
of the German foresters, Killer (20), Bauer (32), IIamann (32), Gossner 
(35), SucuTiNG (44), John, Deiner, Weidelt, and Marrhard; and of 
Combes ( 8 ) in Franco. From Ramann, wlio has done most of the chem¬ 
ical work on trees at Munich, comes the following interesting statement: 
‘^Die Erkcnntnis dass die Nahrstoffaufnahme der Baumarten zeitlieh ver- 
schieden ist, halte ich fur sichergestellt. ” 

It may be well to state here, that while no seasonal absorption studies 
in fruit trees have been made previously, yet general nutrition studies in 
citrus have been made by Reed and Haas (36), and in apple, plum, and 
small fruits by 'Wallace (49) and Mann (23). 

Since the pi’esent experiment deals entirely with water-culture work, it 
will be profitable to take a brief backward glance ovei* the liistory of water- 
culture work with trees, and with field-cro]) plants. Curiously enough, 
although so little work has been done with trees growing in solutions, yet 
w’ater-culture work with plaiits really began with the growing of trees in 
water! Duiiamel du Monceau (10) in his early work “Physique des 
Arbres^^ (part 2), describes the grow’th of almond, oak, and chestnut trees 
in the water of an oj)cn fountain in a garden in France, in 1758. The 
fountain water was from a filtered supply from the River Seine. Ilis oak 
tree, growing from an acorn accidentally dropped into the fountain, grew 
for some eight years, with no other mineral noiii-ishment than that supplied 
by the fountain. At the end of eight yt^ars the ‘'tree’’ was 18 inches high. 
His almond tree grew well for four years in the same fountain. The chest¬ 
nut tree apparently grew as well in water as in soil, and was planted in 
garden soil after two years in the fountain. Duiiamel was convinced that 
only water was needed for plant growth; he did not know that his fountain 
of river-water carried dissolved salts. It is w^ell to note here, that Aris¬ 
totle also held the idea (perhaps gatliered from similar, but unrecorded 
observations) that water was transformed by living organisms into body 
tissues. Long aftenvard, Van Helmont thought that his famous willow* 
tree took only w^ater from the soil. Duhamel’s experiments and his con¬ 
clusions wddely influenced the thought on plant nutrition at the time, and 
up until 1804, when De Saussure finally corrected the errors of Duhamel’s 
work by growing plants in distilled w*ater with and without added salts. 
De Saussure also used single-salt solutions, and demonstrated the dif¬ 
ferential absorption of salts by plants. 
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One hundred years later Wolff and Knop (57) grew oak trees in water 
culture (pure salt solutions) to an age of 15 years, probably a long-time 
record for such work. They placed their trees in river water during each 
winter, so that exact control of salts supplied to the trees was not attained. 
At the end of 15 years tlie oak tree was 1.64 meters high, and the stem 
circumference was about 5 cm. Pifteen-year-old forest oak trees were 8-9 
meters high, with stem circumference of 30.4 cm. 

Nobbe (28) had fair success with two-year-old (1 meter high) elm trees 
in water-culture solutions. He measured the transpiration of these trees and 
found that it was one-tenth as great during the night as during the day. 
He also found that light apparently checked transpiration more 

than did ‘‘blue^’ light. Nobbe also found that the ash content of his water- 
culture trees was usually greater than the ash content of trees grown in soil. 

Bain (1) grew a number of peach and apple seedlings and grape vines 
in water solutions, studying the sensitivity of the roots to copper in the 
solution. Apple roots were found most sensitive, peach less so, and grape 
l(‘ast sensitive to copjier salts. Later Reed (36) made use of water cultures 
in studying the nutrition of young citrus seedlings, etc. Recently Combes 
(8) (compared the chemical composition of beech trees grown in water cul¬ 
tures with the composition of similar trees grown in forest soil, and obtained 
some rather interesting re.sults. To date, it must be admitted that in no 
cas(‘ liave trees grown in water culture made equal growth with trees grown 
in rich soil. Nor have trees ever been grown to full maturity in water- 
culture work, something that must be done before tree nutrition studies are 
placed on a plane with field-crop nutrition studies. 

Apparently, then, vhat knowledge we have of the nutrition of deciduous 
fruit trees did not come from water-culture work. Instead, small tub sand 
cultures have been largely used, and orchard fertilizer plot experiments 
have been carried on in various parts of the world, for many years. Results 
from the latter type of experimentation may have local importance, but the 
findings are often misleading, and, because of complicated soil conditions, 
usually tell us little or nothing of the quantitative needs of the orchard 
tree. More light has been thrown on tree physiology through sand-culture 
methods, and through chemical analyses of tree tissue produced in cultures 
under varying conditions of nutrition, water supply, shading, length of 
day, etc. 

In the field of sand cultures, with deciduous fruit trees, the work of 
Mann (23) and Wallace (49, 50) is outstanding. Wallace interested 
himself chiefly in the elemental starvation of young trees of apple and 
plum, and of strawberry and gooseberry plants, etc., among small fruits. 
He starved particular trees for single elements over periods of three con¬ 
secutive years, noted differences in growth of roots, stems, and leaves, and 
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recorded differences in the ash content of various orjraiis after such starva¬ 
tion treatments. He was able to produce characteristic symptoms of phos¬ 
phorus, magnesium, or potassium starvation, etc., during the fir.st season in 
wJiich the particular element was withheld from the solution. 

Wallace also studied the combined effects of summer pruning in young 
trees with starvation for the various elements. However, he made no stud¬ 
ies of seasonal absoi-ption by any of his })lants or trees. 

Roberts (39) gr(‘w dwarf apple trees in sand cultures with high and 
low nitrogen, short and long-day conditions, etc., and concluded that the 
type of growth of a tree is a response to the balance of carbohydrate-nitro¬ 
gen content, rather than to absolute amounts of these mat(wials present in 
the tree. Also, trees growing in a Jiigh nitrogen culture were capable of 
storing enough nitrogen in one year to make a normal growth the following 
year when placed in a nitrogen-free culture. 

As to the S])eed with which deciduous fruit trees can absorb particular 
ions, transport them to the leaves, and utilize them in synthesis in the leaf 
or elsewhere, KnowtjTon's (18) work is interesting. He used the ‘‘half- 
tr(K'/^ nitrogen fertilization method, with bearing apple trees, applying 
nitrate of soda to the ground under only one side of tin* tree as the fruit 
buds were just swelling in spring. Tw’elve days elapsed before an increase 
in total nitrogen was noticeable in the fruit buds on the nitrated portion of 
tln^ tree. Later in the season, ({nicker response to nitrogen is expected. 
Thomas (46) found that a nitrate application to soil on June () raised total 
nitrogen in one-year twdgs wdthin one week from the date of fertilization. 
Foliage color, of course, dec^pens at aboul the same rate in r(\sponse to added 
nitrate nitrogen. 

Seasonal absorption studies with forest trees 

It w’ill be interesting to review' briefly the knowledge of seasonal absorp¬ 
tion in forest trees. First of all, it may be noted that the ash content of 
both conifers and dicotyh*donous trees varies with the elevation at which 
the trees are grown, and with the composition of the soil in Avhich they 
grow’. The ash content (in j)ereentage of dry weight) and size of leaves 
(oi- needles) decrease very markedly with increased elevation (Grandeau 
12). However, the course of seasonal absorption may not be particularly 
different, except at very high altitudes, where a short growing season checlos 
full plant development. 

Bauer (5) fcnind that appaiTuitly every species of forest tree has a dif¬ 
ferent course of mineral-salt abscu’ption throughout the year, as w’ell as a 
different curve for dry-weight increase throughout the season. Frequently 
absorption and dry-weight increase follow closely along the same path, but 
this is not always the case, and probably never is there perfect correlation 
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between these two activities. Tlie same tree may have very different sea¬ 
sonal absorption for various ioas. Although nitrogen and potassium ab¬ 
sorption curves usually run parallel, nitrogen and magnesium, or nitrogen 
and pliosphorus curves may be very different. Tlie fir tree absorbed its 
nitrogen before June 1 eacli year, in most cases, with no nitrogen absorp¬ 
tion from June .1 to September 15. The horse-chestnut took in its nitrogen 
from June 1 to November 1, continuing a rapid absorption very late in the 
fall. Larch trees took in almost no nitrogen in June, but were absorbing 
])otassium, calcium, magnesium, and phospliorus at that time. The maxi¬ 
mum absor])ti()n i-atc^ for nitrogen in the ash tree fell in June; for the beecli 
tree, in August. Combes (8) reported the maximum absor|)tion of nitro¬ 
gen in the beeidi tree in July and in October, although he made no observa¬ 
tions in August. According to (k)MBES, at the time of leaf fall there was 
a tremendous increase (50 per cent.) in the total nitrogen of the beech tree, 
not all of the increa.se being accounted for by the backward moA’ement of 
nitrogen from the leaves. 

Taking the ash tre(‘ as somewhat typical of the behavior of dicotyledo¬ 
nous trees, we find that in two-year-old trees (Bauer 4), at the start of the 
experiment on February 27, the dry weight of the entire I’oot system was 
equal to 2.2 tiim^s th(‘ w(‘ight of the stems. But by November of the same 
year (aft<‘i* a seasoiCs gro\Nth in forest soil) the weight of the stem was 
almo,st e(|ual to the Mi'ight of the root. As to the absorption of nutrients 
for the entire tree, for the fir.st period (February 27~May 21) the 
(Irij-wcuiht increase was negligible, and absorption of ixffassium, nitrogen, 
magnesium, etc., was slow; but ihe absorption of catrium was rapid, and 
actual lo.ss of j)hosj)horus app<*ars to have occurred. Iron absorption was 
fairly ra])id, but reached its maximum rate in the second jxu-iod (May 21- 
July 21), then .slowed down in the third j)eriod (July 21-September 17), 
and I'rom Sejitember 17 to November 17, severe loss (60 ])er cent.) of iron 
occurred from the entire ]>lant. The stem lost in total iron in the fir.st 
perhxl; al.so in the last peri(x1. It must be admitt(‘d that iron analyses may 
not have been ciitirely accurate, owing partly to the small amounts of the 
ehmient present in tree tissues. 

With refei-eiU'C to nitrogen, both nxffs and .stems lost in absolute total 
nitrogen in the first i)eri(xl; and the rexd lost nitrogem again in the second 
period, in spit(‘ of the tact that it had already started gaining in total potas¬ 
sium content, of which it lost 60 }xu* cent, of the total initially pi*e.sent, dur¬ 
ing the first ])eriod. In the first period, al.so, the r<X)t of the ash trei* lo.st 
magnesium, nitrogcji, and pho.sphoru.s, and J2 jier cent, of its dry weight, 
but gained 9 per cenf, in total calcinni. During the first ])eriod the stem 
lost only 1 per cent, of its dry w’eight, far less than that lost by the root. 
During tin* second ])eriod pho.s])horus was absorbed rapidly; then the total 
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phosphoriis fell off to the end of the season. In the last period (September 
17—November 17), the period of leaf-faU, the tree lost in total calcium, 
nitrogen, magnesium, iron, phosphorus, and dry weight; but total potas¬ 
sium remained practically constant. Bauer concluded that potassium 
must be absorbed rather rapidly right to the end of the season. 

SuOHTiNG (44) ET AL., working with beech and other forest trees, showed 
that during the winter period (September to January) the tree gained in 
total phosphorus (very markedly), in total nitrogen, and in total calcium, 
but lost slightly in potassium. Suchting also compared absorption curves 
of trees with those of the potato; in both cases the start was made with a 
rather large storage organ, and in such plants the early spring absorption 
was not dominated hy potassium absorption, as is the case in rye, etc., where 
only small amounts of stored food are present at the beginning of the sea¬ 
son, in the seed. The contrast is at least interesting, in view of the possi¬ 
ble importance of potassium in carbohydrate synthesis in the plant. 

Kubler (20) experimented with two plots of young beech trees,* one 
plot being given complete fertilizer and the other plot left unfertilized. In 
following the seasonal absorption in these two sets of trees, he found that 
the absorption curves were similar in the early periods (up to July), but 
from July to September the fertilized trees had far more rapid absorption, 
and increased in dry weight much more than did the unfertilized trees; in 
the latter, the dry weight production kept constantly behind the increase 
in total potassium content. Phasphorus and nitrogen absorption were 
slower than the dry-weight increase. In the case of fertilized trees, during 
the July-September period, the dry-weight increase was far more rapid 
tlian was the absorption of potassium, or any other element. In the same 
trees during the period September 17-November 17, the total phosphorus 
decreased greatly. Yet in the unfertilized trees, phosphorus increased 
right to the end of the season (November 17). 

In the early part of summer, nutrient absorption by these young trees 
was always far ahead of the dry-weight increase. It is of interest to note 
that Bauer stated that the root respiration of beech, ash, elm, maple, and 
larch trees in the period March 15 to May 24 was far ahead of the respira¬ 
tion of the tops in every case, thus explaining the great loss of dry weight 
the young tree undergoes in early spring, most of the loss being caused by 
root activity. Forest trees appear to have a higher iron content than most 
of our fruit trees, the roots especially being surprisingly high in this ele¬ 
ment. Kubler for beech trees reported ferric oxide equal to 5 per cent, of 
the ash in leaves; 4 to 9 per cent, of the ash in stems; and 7 to 13 per cent, 
of the ash in roots. In his fertilized trees, the iron content of leaves was 
about the same as in those just mentioned, but the iron content of roots and 
stems was far lower than was the case in unfertilized trees. The fertilizer 
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that was applied to the trees contained potassium as well as nitrogen and 
phosphorus. Bauer reported a similar iron content for various organs of 
fir trees, and a tremendous manganese content, equal to 22 per cent, of the 
ash in the old needles. Kubler, again working with beech trees, found 
that iron stored in the roots moved into the young shoots, and the root 
showed a great loss of total iron. 

Bauer gives some interesting facts concerning translocation of elements 
within young (two or three-year-old) ash trees. On May 21, of the total 
potassium in the leaves, about 46 per cent, had come from old parts of the 
tree (root or stem), the remainder having been recently absorbed from the 
soil. Similarly 41 per cent, of the total nitrogen, 50 per cent, of the total 
magnesium, a small part of the silica, and 100 per cent, of the phosphorus 
in these new leaves had come from storage in older tree parts. At this 
early period, enough calcium had come in from the soil to supply the needs 
of the leaves. 

Bauer then presents his classification of the periodical activities of the 
ash tree as follows; 

Period i (up to May 21).—This period is characterized by a using up of 
stored mineral and organic matter, with very slight absorption of 
soil nutrients. 

Period 2 (May 21 to July 9).—Great leaf growth and slow root growth 
occur in this period. 

Period 3 (July 9 to September 17).—The total-leaf dry weight decreases, 
and nitrogen, phasphorus, and potassium are lost from the leaves. 
Period 4 (September 17 to November 17).—^No great change takes place 
in cither stem or root in spite of the backward movement of ma¬ 
terials from the falling leaves. 

In the new leaves (of the oak) formed in the spring, 40 per cent, of the 
nitrogen came from the soil direct. Later in summer, when the second- 
cj^cle shoot growth occurred, of the mineral elements moving into the young 
shoots, the old leaves (of the first cycle) furnished 24 per cent, of all the 
potassium, 100 per cent, of the calcium, 52 per cent, of the magnesium, 26 
per cent, of the phosphorus, and 62 per cent, of the nitrogen. The total 
iron content in old leaves decreased at this period, the new leaves obtaining 
some of their iron supply from the leaves of the first cycle of growth. In¬ 
cidentally, the rate of mineral and nitrate absorption by oak trees appears 
to be rather slow throughout the season, as is also their general growth 
rate. 

Finally, then, experiments on forest trees make it clear that here the 
most rapid absorption for the season does not always occur at the time of 
maximum terminal growth of the top. Where the young tree makes both 
first and second-cycle top growdh, the maximum absorption (in per cent. 
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of the total for the year) is apt to fall either in the ''resting'’ period be¬ 
tween the two cycles of top growth, or in the early part of the second cycle. 
In young beech trees, in southern Germany, terminal growth is often over 
by June 1 or before. After a rest of three weeks or so, a second cycle of 
shoot growth begias. According to Bauer, maximum absorption of nitro¬ 
gen and potassium in young beech trees occurred in July or early in 
August, in young ash trees in June, larch trees in August, etc. It is prob¬ 
able that periods of maximum root-length growth coincide with period.s of 
maximum absorption of nitrogen and potassium. Phosphate absorption in 
forest trees Ls apt to occur either late in the season, or slowly and evenly 
throughout the summei* and fall. Calcium absorption is usually greatest 
late in summer, although it is notable that calcium is rather constantly 
absorbed throughout the season by the broad-leaved forest trees, but iiot 
by conifers, api)arently. 

In rather early spring, calcium alone may be absorbed (as bicarbonate 
and chloride) by many trees. In the period prior to bursting of the buds, 
ash trees absorb a certain rather small amount of calcium, potassium, silica, 
and nitrogen, but no magnesium nor j)hosphorus. The presence or absence 
of large quantities of given elements in the soil solution at given times of 
the year does not usually play a deciding role in the time of maximum 
absorption of these elements by the tree. In fact Ramann and Bauer sug¬ 
gested "mixed” type planting of woodlots to various tree species, so that 
utilization of nutrients, nitrogen especially, would be more efficient the yeai* 
round. Thus fir trees may have completed absorption oF nitrogen Ix'Fort* 
the pine trees have even started absor})tion, etc. 

On elemental starvation experiments with forest tre(\s th(*re has h(‘<‘n 
comparatively little work, and most of it deals with conifer trees only. In 
Germany, Vater (48) and Mollek (26) starved a group of i)ine trees, etc., 
grown ill pot cultures, for magnesium, sulphur, nitrogen, and phosphorus. 
Burgerstein ( 6 ) found that his "minus-nitrogen” pine seedlings showed 
the usual symptoms of low-nitrogen plants, pale green leaves and stunting 
of growth, etc. Low-sulphur pines showed very small needles, delicate in 
texture and of pale yellow color. Vater found his low-phosi)hate pines 
grew needles of a bluer tinge than normal plants. M()ller found that 
phosphate or sulphate starvation reduced the development of his j)ine seed¬ 
lings more than did magnesium starvation. 

In the case of fruit trees, elemental starvation studies liavo been made 
recently by Wallace. At an earlier period Muller-Thurgau (27) grew 
young pear trees in low and high nitrogen, phosphorus, potassium, and cal¬ 
cium cultures, respectively, for a period of four years. Remy (37) also 
grew apples and pears in low nitrogen, potassium, phosphorus, and calcium 
over a three-year period. 
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Wagner (62) reported on 20 years’ work in fertilization of trees grown 
in soil, reporting on pears in low nitrogen, phosphorus, and potassium, as 
well as on complete fertilizer trials. Wagner found that after a long 
period of j^otash starvation, his pear trees gave very poor quality fruit. By 
other starvation treatments, apparently the quality of the fruit was not 
greatly affected. Low potassium did not give him an increase in percentage 
of nitrogen in the leaves, as has been elsewhere reported. Low-nitrogen 
leaves were very high in phosphate, and contained only 1.23 per cent, 
nitrogen on a dry-weight basis. The low-phosphate leaves were highest of 
all in nitrogen (1.69 per cent, dry weight). The complete-fertilizer 
leaves had 1.5 per cent, nitrogen. The low'-phosphate leaves were highest 
of all in calcium. 

Remy found that low nitrogen (under 1.25 per cent, of dry weight) in 
apple and pear leaves during ripening of the fruit was indicative of insuffi¬ 
cient nitrogen for full blossoming in the following year. Kemy (38) seems 
to have grown apple trees in water cultures, starving the trees for phos¬ 
phorus, in order to determine which organs of the tree showed the effects 
of low phosphate most markedly. He found that the young vegetative 
growing points were not easily affected by phosphate starvation, but that the 
older leaves and stem parts were most readily brought to low phosphorus 
content in the ash. 

Muller-Tiiuroau (27), in his work with jiear trees grown for four years 
in low-potassium cultures, found chlorosis appearing only in the last two 
years. In his low-nitrogen trees, in the third year only a slight chlorosis 
appeared; otherwise apparently no leaf troubles were brought on by the 
treatments. For the entire four years, the poorest yield of fruit was in 
the lot of low-])otassiiim pear trees. The liigliest yield came from high- 
nitrogen trees, followed by liigh-ealcium, high-potassium, and low-phosphate 
trees. Apparently his soil was well supplied with phosphorus. Nutri¬ 
tional conditions giving high fruit yields did not necessarily seem to give 
large trunk circumference increases. By the latter measure of growth, 
low-calcium trees gave the greatest increase, although the fruit yield of the 
trees wms poor. In the fourth year of starvation, the low-potassium trees 
yielded only one-thirtieth as much as the high-potassium trees. 

Stegljcit (43) made ash analyses of entire trees, fruit and all, of 
apple, pear, plum, and cherry. The series of researches, of which Steg- 
Licn^s work was a part, covered a period of 13 years. Steghch stated that 
the yearly nutritional needs for the total growth of one ^^average^’ fruit 
tree in moderate bearing, and 25 cm. in circumference were as tabulated 
on page 10. 

Similar studies were made at a later date by Van Slyke, Taylor, and 
Andrews (47). Steglicpi also calculated the rate at which the yield of 
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Variety 

N 

P.O« 

K,0 

CaO 


gm. 

gm. 

gm. 

gm. 

1, Apple tree 

59 

11 

51 

109 

2. Pear tree . 

37 

7 

40 

69 

3. Cherry tree . 

76 

30 

95 

209 

4. Plum tree. 

34 

11 

74 

75 


fruit increased in various species of fruit trees, per cm. increase in trunk 
circumference, also the total weight of foliage of one tree per cm. circum¬ 
ference. He found that in case of cherry trees, foliage weight was equal 
to 358 gm. per cm. trunk circumference, while with pear trees the foliage 
weight was only 105 gm. on the same basis, with apple and plum foliage 
ranking somewhat above pear foliage. Conduction and transport to the 
leaves in the cherry must be a more .serious problem than in the case of the 
pear tree. Cherry trees also must be classed as heavy feeders on most of 
the nutrient salts of the soil. 

Varin Simon had calculated that a fair sized fruit tree, spreading over 
20 square meters of land, produced per year 15 kilos of leaves, 8 kilos of 
wood, and 100 kilos of fruit. Deqenkolb, Barth, and Steglich (9) com¬ 
piled average ash analyses of fruit trees from all over Germany. Of apple, 
plum, cherry, and pear, the plum leaves ran far higher in nitrogen, phos¬ 
phorus, and potassium on percentage dry weight than did leaves of the 
other species. 

Wagner (52) reported on 20 years’ work in fertilization of trees grown 
potassium, magnesium, calcium, and phosphorus respectively, over the 
rather long period of three years. In his last experiment (1929) he used 
eighty apple trees on Mailing Type Ten standard vegetatively propagated 
stocks, with twenty trees in each .starvation group. Part of his trees were 
summer-pruned. The leaves and prunings were collected in July, analyzed 
each year, and the entire trees analyzed at the conclusion of the three-year 
experiment. 

It is well to note that Wallace’s complete culture solution added to the 
sand was high in K/N ratio, but w’as otherwise much like the usual type 
of field-crop culture solution. So little is known of the needs of trees in 
the way of mineral nutrition that no particular culture solution has ever 
been worked out for tree cultures. Wallace reported that growth of the 
cheek trees was satisfactory, except for brown spots on the leaves caused by 
excessively high potas.sium concentration in the culture. The final results 
of the three years of starvation did not show entire agreement with his 
previous results from similar starvation experiments with another variety 
of apple tree. Usually a minus-potassium treatment results in greatly de- 
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creased shoot growth, but in Wallace's late experiments no great checking 
of terminal growth was observed in such trees. Also, minus-calcium trees 
gave better shoot growth than did complete-culture trees. But in minus- 
magnesium cultures, shoot growth was greatly reduced; and by the third 
year the leaves of these trees were chlorotic, thin in texture, and showed 
severe breakdown or browning of the tissues. More or less breakdown oc¬ 
curred on leaves of all of his cultures during the later years of the experi¬ 
ment. 

Root growth in Wallace's minus-calcium trees was again reported as 
being very good. Previously he had reported that low-potassium, low- 
magnesium, and low-phosphorus trees all produced very poor root systems, 
more or less injured and blackened. These trees (Cox’s Orange Pippin) 
were also grown in sand cultures. Wallace believed that his low-potas¬ 
sium tree root systems were too small to absorb water enough for the needs 
of the top, and that leaf scorch resulted as a consequence. 

In his latest work, Wallace (49) has shown how difficult it is to reduce 
the potassium, magnesium, or calcium content of leaf or bark tissue in trees 
by starving them for these particular elements. After three years in a 
minus-potassium culture, leaves of the trees concerned had an ash contain¬ 
ing 10.6 per cent. KoO on July 7 of the last season, when 20 per cent, KgO 
would perhaps have been ample for normal foliage. His minus-calcium 
leaves of the same date still had 70 per cent, of normal calcium content; 
and minus-magnesium leaves still had 40 per cent, of normal magnesium 
content. 

In the summer-pruned series, stems and petioles (prunings of July 7 
of third year of staiwation) showed for the minus-calcium series CaO equal 
to 94 per cent, of the normal CaO content; the minus-potassium series 
showed 55 per cent, of normal MgO content. 

Concerning the interrelated effects of elemental starvation, minus- 
potassium tissue was usually high in phosphorus. Calcium starvation did 
not appreciably raise the potassium content. The potassium content of the 
complete-culture trees was so high in this case that probably no treatment 
could have raLsed it materially without death to the tree. Unfortunately, 
Wallace does not include the nitrogen content of his trees in the analyses 
recorded. As to the total ash content of starved tissue, only magnesium 
starvation raised the percentage of ash (on a dry-weight basis) in leaves, 
bark, and wood above the normal content. Potassium or calcium starva¬ 
tion resulted in a lower ash content throughout the tree. Also, the abso¬ 
lute percentage of ash seemed to fluctuate from year to year, within the 
various groups, just as it does in grain crops, etc. 

There are certain things in Wallace’s work that will bear questioning. 
Wallace himself states that apparently his calcium-starvation treatment 
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was not 100 per cent, effective in cutting off the supply of calcium to these 
trees. The sand nsecras a culture medium was 99.5 per cent, insoluble in 
hydrochloric acid. Yet obviously the tree.s obtained a fairly adequate sup¬ 
ply of calcium from the small percentage present as impurity in the sand. 
Each tree had access to ten liters of sand in the pot. And for three years 
these trees, though slightly reduced in calcium content, produced normal 
growth, or better than that of the check trees. No leaf mottling nor chloro¬ 
sis was reported. It is a curious fact that trees (and annual plants), if 
partially starved for calcium, fill up their tissues, especially their leave.s, 
with silica. In a sense then, in sand cultures, silica may act as a sparer of 
calcium in the formation of the middle lamella and elsewhere. 

Some time ago, Reed and Haas found that roots of citrus trees, grown 
in water cultures, were extremely sensitive to the absence of calcium in 
solution. These roots were able to grow for long periods in a simple cal¬ 
cium chloride solution, with all other elements lacking. They did not grow 
well in distilled water, unless calcium was added. This may be explained 
in part by the presence of traces of copper in the solution, but none the less, 
calcium plays a nni(|ue role in keeping these roots alive and growing. The 
growing point is particularly sensitive to the absence of calcium in the cul¬ 
ture solution. 

After Wallace's earlier papers, it was thought that perhaps deciduous 
fruit trees were not at all sensitive to the lack of calcium, and were conse¬ 
quently very different in nutritional requirements from the species of citrus 
trees used by Reed in his experiments. It mu.st be recalled that Reed 
worked with water cultures, while WaijLAce’s work was with sand cultures; 
the results are therefore not entirely comparable, the sand furnishing both 
calcium and silica, and affording better aeration for the roots. 

Which tyx^c of culture more closely approximates soil conditions ? A 
fine sandy loam soil may well be compared with sand cultures, but a heavy 
and more or le.ss wet clay loam soil is more likely to provide conditions 
closely resembling, in many respects, an aerated water culture. Yet in 
either case there should be little doubt that calcium is necessary for the 
growth of trees, as well as for all other plants, except possibly the lowest 
algae and certain fungi. The actual amount of calcium needed by some 
species of fruit trees may be small. 

Sand cultures arc very apt to contain fair supplies of calcium and iron, 
but much less lik(dy to hold adequate supplies of potassium, nitrogen, etc. 
Consequently potassium and nitrogen-starvation experiments may be car¬ 
ried out in sand cultures to much better advantage than can calcium-starva¬ 
tion tests, as Wallace's work very clearly shows. 
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Experimentation 

The purpose of this work -was to study the course of potassium and ni¬ 
trate absorption, and the j»:eneral nutrition of young two and three-year-old 
French prune trees throughout the season. These trees were grown in 
water culture during the course of the experiment; and the culture solu¬ 
tion itself was studied in determining the amount and time of absorption 
of various elements. The water-culture method w^as used because it allows 
a comparatively easy and accurate study of absorption, when only a small 
number of trees is used; also, the identical trees are used throughout the 
entire season. The alternate method of absorption study is to harvest a 
certain number of entire trees (roots and tops) periodically throughout the 
season, analyzing the ash of the whole tree each time. A great many trees 
must be used in such work, at least 100 trees at each date selected for 
study; and the time and labor required for digging tree roots from the soil, 
careful w^ashing, drying, grinding, weighing, ashing the tissues, and analyz¬ 
ing the ash is excessive. 

The work was begun in 1928, and carried through the summer of 1930. 
Some of the trees were grown for three years, others for only two years in 
water cultures in greenhouses at Berkeley. French prune trees were used 
throughout the study, with a few apple and pear trees for general observa¬ 
tion. 

In April, 1928, and March, 1929, one-year-old whips budded on Myro- 
balan stocks were pruned to a 30-ineh head, the roots washed carefully, the 
entire tree weighed, and set up in jars of aerated culture solution in the 
greenhouse. The jai's used were 4-gallon crocks painted on the inside with 
black asphaltum. Jar covers were gypsum easts, about one inch thick, the 
covers being boiled in high-melting-j)omt paraffin and painted with asphal¬ 
tum. The trees were held in place by fairly loose-fitting corks. Continual 
aeration was supplied through glass tubes to the bottom center of the jars, 
which were kept about two-thirds full of solution. The jars were well 
packed in damp moss on tables about three feet from the ground. The 
greenhouse temperature was lowered during the day by an electric fan at 
each end of the greenhouse. Air temperature at the level of the tree foli¬ 
age was recorded daily at about 11 a. m. 

Culture solutions were changed every three or four weeks, or more often 
if a low-nitrate level made it necessary. Constant checks were kept on the 
supply of nitrate in the cultures by means of diphenylamine tests. The 
modified Hoagland’s solution used for complete cultures contained the 
following ion concentrations: NOg^TOO p.p.m.; PO 4 = 10 p.p.m.; 80^ = 147 
p.p.m.; K = 150 p.p.m.; Mg = 37 p.p.m.; Ca = 150 p.p.m. Total = 1194 
p.p.m. 

Foliage color w^as kept good to excellent in the complete solution cul¬ 
tures by the following iron treatment. Particularly in the early part of 
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each season, iron was added to each jar frequently, the salts used being: 
both ferric chloride and ferric tartrate. In addition, Hoagland's A-Z mix- 
ture was used, the mixture introducing nine other cations and three other 
anions to the stock solution. 

Hopkins (13) recently found that increasing the amount of citrate in 
the solution depressed the iron-ion concentration, and that the growth 
curve of the green alga, Chlorella, closely followed the changing concentra¬ 
tion of iron ion in the surrounding medium. Within limits, the higher the 
iron-ion concentration, the greater was the growth of the alga. Hopkins 
apparently holds the view that only iron ion is absorbed by plants; more 
soluble iron would not be available to the plant, unless in the ionized state. 

The group of trees intended for starvation included 85 one-year-old 
prune trees, from which number five were immediately taken out for ash 
analysis, to serve as a check on the initial condition of the trees, with special 
reference to the storage of mineral elements and nitrogen. The remaining 
trees were all set up in the greenhouse, ten trees in each of the groups, as 
shown in table I. (Average fresh weights are given in each case, for 
March, 1929, the beginning of the experiment; for December, 1929; and 
the final weights in September, 1930.) 

TABLE I 

Fresh weight increases made by young French trees (starvation series) 


Treatment: 

CULTURE 

SOLUTION 

Average 

INITIAL 

WEIGHT 

March, 

1929 

Average 

FRESH 

weight 
Deo, 1929 

Gain 

Average 
fresh 
weight 
Sept., 1930 

Gain 

(total) 


gm. 

gm- 

gm. 

gm. 

gm. 

Complete 

123.0 

528.0 

405.0 

3072.0 

949.0 

-K 

109.4 

265.4 

156.0 

1 316.0 * 

207.3 

-K + Na 

132.5 

307.5 

175.0 

! 386.7 

254.2 

-Ca* . 

121.4 

206.4 

85.0 

249.0 

127.6 

-N 

129.8 

259.8 

130.0 

303.0 

173.2 

-Mg 

116.0 

294.0 

178.0 

: 338.7 

222.7 

-P . 

120.2 

394.2 

274.0 

; 421.0 

300.8 

-S . . . 

120.5 

461.5 

1 

341.0 

673.5 

653.0 


* ~Ca = actually low Ca solution. 


The average initial fresh weight of the entire group was 122 gm. The 
maximum deviation of a single group from the general mean was approxi- 
mately 10 per cent. 

Also, data from French prune trees grown in the greenhouse the previ¬ 
ous year (1928), as well as in 1929, are shown in table II. 
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TABLE II 

Fresh weight increases made by French prune trees over a two-year period with 

VARIOUS culture TREATMENTS 


Group treatment 

Average initial 
WEIGHT April, 
1928 

Final presh 
WEIGHT Dec., 
1929 

Gain 

Ten trees in complete nutrient 

gm . 

gm . 

gm . 

solution 

178.0 

946.0 

768.0 

Ten trees in -K . 

198.0 

434.0 

236.0 

Five trees in distilled water 

164.0 

296.0 

132.0 


General growth behavior of the trees 

It is apparent from table I that the group of trees in minus-calcium 
solutions made the poorest growth, follovred in turn by the trees in minus- 
nitrate, minus-potassium, minus-magnesium, minus-phosphate, and minus- 
sulphate solutions. The last-named trees made nearly’ normal growth, par¬ 
ticularly as regards root development; and their total nitrate absorption 
during the season (1929) was practically equal to that of complete culture 
trees. On the other hand, minus-calcium trees failed to produce any roots 
until calcium was added to these cultures for a period of about six weeks, 
after which they were returned to a minus-calcium solution. The roots of 
French prune (Myrobalan stock) refused to grow in water culture unless 
at least a trace of calcium was present in solution. The same situation was 
found in the case of apple roots (crab stocks), pear roots (French stocks), 
and peach or almond seedling root stocks. The latter two species were par¬ 
ticularly sensitive to a lack of calcium in solution. These facts may appear 
contradictory to Wallace's findings for apple roots, but the explanation 
regarding the sand cultures used by Wallace has been mentioned. 

Figure 1 shows the comparative fresh-weight increase, shoot-length 
growth, and diameter increase of one-year-old French prune trees during 
the season of 1929; and figure 2 gives the fresh-weight increase, shoot- 
length growth, and diameter increase of two-year-old trees during the sec¬ 
ond year of treatment. 

Mevius^s (24, 26) work on minus-calcium cultures and root growth of 
various annual plants, as well as the recent work of Kostytschew and Berg 
(19) on the form of calcium present in living tissue, involving the supposi¬ 
tion that part of the active calcium is adsorbed by plasma colloids, is full 
of interest in this regard. Also, Warthiaui (53), working with wheat 
plants, found that sand cultures behaved somewhat differently than did 
water cultures, in which, if the Ca/Mg ratio was 1/10 or 1/20, all the wheat 
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CULTURS TREATMENT 

Fig. 1. Average frosh-weight increase, slioot-lengtij growth, and diameter increase 
per tree. One-year-old Freiicdi prune trees, sea8(»n of 

plants died early. In sand cultures, the 1/20 Ca/My: ratio i^lants lived, but 
formed heads containing only chaff. No tillers formed heads in this case. 
The plants in 1/1 and in 20/1 cultures matured normal heads, in both sand 
and water cultures. 



Flo. 2. Average freali-weight increase, shoot-length growth, and diameter increase 
made by two-year-old French prune trees in the second year of treatment (3929). 
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In regard to fruit trees, the white growing roots of French prune trees 
when placed in a minus-calcium solution soon turned brown or black, and 
finally died back to the main root. Calcium did not appear to migrate eas¬ 
ily in these roots. Portions of a single root system immersed in a plus- 
calcium solution did not enable the remainder of the root to make a normal 
growth. The shoot growth of the low-calcium trees was vevy poor in both 
years of the experiment. A slight mottling of the leaves on some of the 
trees was noticeable the second year; otherwise foliage color was good. 
Each season, however, the foliage was lost rather early (usually in August), 
the leaves wilting and drying on the tree, apparently suffering from a lack 
of water. 


TABLE III 

Growth and absorption of one and two-year-old French prune trees 

IN WATER CULTURE 



Treatment 

Fresh 

weight 

INCREASE 

Diameter 
j increase t 

Total NO, 

ABS 'D* 

IN 1929 

Total PO. 
abs’d 

IN 1929 

Group 1. 


ffun. 

1 

1 cw. 

pm. 

gm. 

Two-year 

' Two years in com- 


\ 



period 

plete solution 

765.2 

0.96 

24.7 

0.52 

1928- ■ 

Two years in -K 





1929 

solution 

235.6 

1 0.155 

6.0 

i 0.31 

First year in -K; second 





in complete solution 

462.0 

I 0.350 

14.4 

0.38 

First year in complete; sec- 





ond in -K 

572.8 

, 0.530 

3 7.5 

0.45 

' First year in distilled lIjO; 


' 



second in complete 

616.0 

0.430 

21.7 

0.33 

Two years in II..0 

3 32.8 

0.07 

1 



Group 2. 






One-year period 


' 



One year in ~K solution 

156.3 

• 0.110 

9.975 

0.345 

One year in -K 1 Na solu- 

1 




tion 


1 177.3 

! 0.147 

8.376 

0.358 

One year in -Ca 

85.0 

0.062 

2.354 

0.178 

One year in -NO 3 

130.1 

0.028 


0.190 

One year in -Mg 

177.5 

0.148 

7.805 

0.275 

One year in -PO* 

1 274.4 

1 

; 0.149 

7.168 


One year in -SO* 

1 343.5 

0.215 

15.808 

0.365 

One year in complete 

i 405.5 

1 

1 0.324 

j 

20.810 

0.480 

1 


* Nitrate and phosphate absorption were measured only during 1929. 
t Diameter increase is caliper increase of trunk, 3 inches above the bud. 
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The minus-potassium trees grew moderately well the first year. The 
second year both shoot and root growth were much reduced, although many 
white roots were still produced. Potassium-starved roots were in far better 
condition throughout the two years than were the calcium-starved roots. 
Leaf scorch and chlorosis appeared in the late summer of the first year, and 
severe scorch again early in the second summer. During the second season, 
liberal supplies of iron prevented all but a trace of chlorosis, but did not 
prevent leaf scorch. It .seems that leaves can be kept green, if plants are 
either in a high-potassium h low-iron solution, or in a low-potassium + high- 
iron solution. However, after three years of severe potassium starvation, 
the trees were chlorotic in spite of an abundant iron supply (both injection 
and solution supply). The diameter growth of the trunks of the minus- 
potassium trees was greatly cheeked as the growth tables show (table III). 
Minus-potassium -f sodium trees .showed conditions similar to the preceding 
in every respect. The presence of .sodium did not have any effect in pre¬ 
venting leaf scorch or chlorosis. 

WiESSMANN (54), working on barley plants, found that ~K + low N 
l)lants matured grain and were nearly normal, while -K + high N plants 
never formed any heads, and produced only two-thirds as great a dry 
weight as the ~K + low N plants. Absolute pota.ssium starvation, then, 
must be studied in the light of relatioruships with nitrogen supply levels, 
and probably with other elements as well. 

James (15) has reported on work concerning the physiological role of 
potas.sium in annual plants. He .showed that the amount of starch formed 
per unit leaf area increased with an increase in potassium content. Potas¬ 
sium itself tended to decrease leaf .size (unlike calcium), but potassium 
chloride increased leaf size, the chlorides having the power to increase water 
content and size of leaves. The apparent role of KCl, in increasing trans¬ 
location of carbohydrates from the leaves, may possibly be explained on 
the same basis; i.e., the greater water supply circulating to and from the 
leaves, caused by the presence of chlorides. Potassium sulphate did not 
appear to increase tramslocation of carbohydrates from the leaves. 

Trees stai’ved for nitrate showed the usual symptoms of low-nitrogen 
orchard trees: most severely stunted twig growth, pale yellow-green leaves, 
a reddish brown bark, and a tliin, long, stringy type of root system. The 
roots continued in active growth throughout most of the entire two years, 
but terminal top growth lasted only a few days. 

The magnesium-starved trees jiroduced very good root growth through¬ 
out the two years. The .shoot growth was fair the first year, but greatly 
stunted during the second year, when virtually complete defoliation oc¬ 
curred before July 1 (beginning in May). Severe marginal browning of 
the leaves, gradually extending back to the midrib, occurred early in both 
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summers. The symptoms of low-magnesium leaf injury are very typical, 
the injured portions assuming a dark chocolate color, preceded by olive- 
green colored areas, water-soaked in appearance. Only a trace of low- 
magnesium chlorosis appeared the second year, when the iron supply 'was 
kept at a high level. 

The low-phosphate trees at first made splendid root growth, but later 
growth was greatly reduced, and very little new root growth was produced 
during the second year. All roots in the cultures of low phasphate showed 
darkened tips. Fair shoot growth was made by these trees but was not 
comparable with normal tree growth; defoliation was exceptionally early 
in both summers, the earliest of any of the starvation series. In the second 
summer the leaves were about one-half normal size, and all of them bronzed 
or turned yellow and abseissed in June. The trees made no more new 
growth after this defoliation. Low-magnesium trees, on the other hand, 
continually opened up new buds, making feeble shoot growth, only to have 
that in turn wither and defoliate. 

Butkewitsch (7) found that low-phosphate oat plants grew better at 
pH 5.5 than they did at pH 8.0. The minus-phosphate solution used in the 
present experiment had a pH of 6.0~6.6. He also notes that low-pota.ssium 
plants grew better at pH 8.0, quite the opposite situation to that of low- 
phosphate cultures. 

As regards the bronzing (or purpling) of leaves or plants grown in low- 
phosphate solution, it is suggested that the unusual color development may 
be the indirect effect of the increa.sed solubility and total supply of iron in 
the leaf and other active tissues of low-phosphate plants. Soluble-iron com¬ 
pounds are capable of reacting with phenolic, or tannin-like substances, to 
give various color developments,—^brown, purple, red, etc. 

The sulphur-starved trees showed excellent root growth in both years, 
and fair to good shoot growth. Very little premature defoliation occurred 
in this series, although both brown leaf spots and a pale, light yellow, non- 
veined chlorosis appeared in both years. Although this sulphur-induced 
chlorosis is very different in appearance from that produced by low potas¬ 
sium, or by low magnesium, yet in all three cases the development of the 
typical chlorosis is greatly postponed by high iron supply. 

A type of little-leaf can be produced by sulphur starvation treatment, 
especially if iron is at the same time not above normal. Burgerstein and 
Moller noted that very small, pale colored needles were produced on 
young pine trees grown in minus-sulphur cultures. The small leaves pro¬ 
duced by low-sulphur French prune trees were usually irregular and lobe¬ 
shaped as well as diminutive in size. 

The complete-solution trees made good root and shoot growth in both 
years, and carried well colored foliage. However, the total terminal and 
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diameter growth was not equal to that produced by well-cared-for orchard 
trees of the same age in fertile soil in California. 

Seasonal absorption op nitrate and potassium 

During 1929, from May to November, the nitrate absorption of trees of 
the complete-solution series, as well as those of the various starved groups, 
was followed, samples being taken from the culture solution every two 
weeks for nitrate analysis, and for conductivity readings. Nitrate concen¬ 
tration was determined colorimetrically by the phenoldisulphonic acid 
method. At nitrate levels of 200-300 p.p.m., the error of the method is 
about 5 per cent., but at low levels of nitrate the error is often more than 
10 per cent. The initial level of nitrate in the solutions worked with was 
700 p.p.m., and analyses showing levels as low as 5 p.p.m. were regarded 
as equal to zero, the solution being discarded after checking with diphenyl- 
amine and phenoldisulphonic acid. Conductivity measurements were re¬ 
garded as indicating approximately the course of total salt absorption 
throughout the season, although it is true that nitrate absorption is revealed 
by the method, almost to the total exclusion of phosphate absorption, etc., 

TABLE IV 

Seasonal absorption (by periods) of nitrate by one-year-old Frencu prune trees 

(TEN TREES PER GROUP) ; NO, EXPRESSED IN GRAMS 


No. 

Season 

Solutions used 

Com- ] 

PLETE*' 

-K 

-KfNA 

-Ca 

-Mg 

-PO. 

-so, 



gm. 

gm. 

gm. 

^ gm. 

gm. 

gm. 

gm. 

1. 

May 17->J iino 1 

3.17 

2.856 

2.154 

No 

3.484 

-0.336 

2.527 

o 

June 1-June 15 

0.07 

1.365 

1.656 

Root 

2.044 

3.920 

1.575 

3. 

June 15-June 29 

3.22 

1.057 

0.941 

Growth 

0.896 

0.210 

1 2.191 

4. 

June 29-July 291 

5.28 

4.326 

3.585 

0.67 

3.857 

4.109 

5.229 

5. 

July 29-Aug. 10.. 

0.33 

0.483 

0.466 

i 0.03 

0.693 

0.364 

0.147 

ei . 

Aug. 10-Aug. 24 

0.38 

00 

CC 

<M 

i 

0.163 

1 0.68 

0.07 

-1.008 

-1.225 

7. 

Aug. 24-Sept. 6 

0.91 

0.021 

-0.350 

0.17 

-0.217 

0.728 ! 

1.274 

8. 

Sept. 6-Sept. 20 

0.89 

-0.734 

-0.753 

0.31 

-1.309 

-0.819 

0.672 

9. 

Sept. 20-Oct. 5 . 

0.91 

0.798 

0.552 

I “0.11 

-0.310 

-0.728 

1.316 

10. 

Oct. 5-Oct. 19 

1.05 

0.826 

0.428 

! 0.60 

0.366 

0.042 

0.819 

n. 

Oct. 19-Nov. 2 , 

1.80 

-0.665 

-0.466 


0.371 

0.686 

1.281 

12. 

Nov. 2-Nov. 16 

0.28 



.. . 





Total 

18.29 

9.975 

8.376 

2.35 

7.805 

7.168 

15.808 


* The complete group here included 15 trees, 
t Period of four and one-half weeks. 

t Minus signs indicate NO, lost from the trees back to the culture solution. 
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and that base exchange and bicarbonate exchange all make conductivity 
measurements of absorption only approximate. 

As has been stated, daily temperature was recorded in the greenhouse 
throughout both summers (1929 and 1930). A fair correlation between 
temperature and nitrate absorption (fig. 3) seems to exist. A period of 
unusually high temperature (with eight consecutive days above 90® P.) 
and low humidity came at the end of June of the first summer, and the 
maximum rate of nitrate absorption for the season occurred in this same 
period. Aside from high temperature, the intensity of sunlight probably 
reached a maximum at this period also, although no records were kept of 
it. Top and root growtli was fairly active in this period also. 



Fig. 3. Bate of nitrate absorption by one-year-old French prune trees in complete 
culture solution, and the changes in the specific resistance of the culture solutions, 
plotted with the greenhouse temperature, recorded daily at 11 A. M. Absorption data 
bastKl on average of 15 trees, during season of 1929. Grams of nitrate per tree per 
two-week period. 


The next high temperature period (fig. 3) fell later in the season, about 
October 22, with four days of heat above 90° P. At tliis time root growth 
and trunk-diameter growth were proceeding rather rapidly, but terminal 
growth had stopped long before. The second peak in nitrate absorption 
for the season fell in this period, but Avas quickly folloAved by an abrupt 
decline, as the roots soon went into winter dormancy. Then very slow root 
growth, or none at all in some cases, was made up to the last days of Janu¬ 
ary, 1930, when vigorous new white feeding roots again appeared, long be¬ 
fore the buds started to swell. The trees were placed outdoors in winter. 
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Between the two peaks of the nitrate absorption curve lay a brief period 
of very slow absorption, accompanied by low air temperature, followed by 
a long period characterised by a very uniform rate of nitrate absorption. 
Long continued periods with temperatures (daytime) below 85° F., prob¬ 
ably accompanied by cloudy weather, seemed to be very unfavorable for 
nitrate absorption in case of the French prune trees. How ever, very slow 
nitrate absorption did take place in most of these trees through December, 
when no temperature data went above 80° F. 

The absorption curve presented for 1929 began about June 1. Consid¬ 
erable nitrate absorption occurred in these trees in May, and less in April, 
as showm by the curve for the same trees for the season of 1930, but the 
nitrate intake in May was usually below the peak reached in late June. 
The conductivity curves showed a maximum rate of total absorption in the 
period July 10-July 30, slightly later than the peak in nitrate absorption. 

Seasonal nitrate absorption by two-year-old French 
PRUNE trees in 1930 

The nitrate absorption of these same trees during their second year of 
grow^th in culture solutions w^as followed, from March 20 to December 1 
(table V). Potassium absorption w’as also followed with the same trees 
during 1930 (fig. 4). Again it was fomid that there was a high correlation 
betw’een daily (noon) temperature in tlie greenhouse and rate of absorption 
of both nitrate and potassium. The only marked exception to the correla¬ 
tion came about May 1, midway in the period of rapid terminal shoot 



trees growing in complete culture solution. Average of ten trees in each group. 
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growth. At this point nitrate and potassium absorption was rapid, in spite 
of rather low average temperatures. Rapid terminal shoot growth seemed 
to be an important factor in the rate of nitrate and potassium absorption in 
tliese trees. During most of the season, however, temperature appeared to 
])lay a dominant role. 

TABLE V 

Nitrate and potassium absorption by two-year-old French prune trees in com¬ 
plete SOLUTION (grams PER TREE) ; 1930 


No. 

Period 

NO, ABSORBED 

KsO ABSORBED 

1 

March 15~April 1 

gm, 

3.185 

gm. 

2 

April 1-April 21* 

0.623 

-0.044 

3 

April 21-May 5 

3.710 

0.240 

4 

May 5-May 10 . . 

3.360 

1.080 

5 

May 19-June 2 

2.080 

0.280 

6 

June 2-June 16 . 

3.020 

-0.040 

7 

Juno 16-July 2 

3.560 

0.260 

8 

July 2-July 16 . . . 

3.180 

0.600 

9 

July 16-August 11* . ... 

3.090 

0.800 

10 

Aug. 11-August 25 . 

3.780 1 

0.720 

11 

Aug. 25-Sopt. 8 

3.248 i 

0.700 

12 

Sept. 8-Sept. 29* 

3.598 ! 

0.780 

13 

Sept. 29-Oct. 13 . 

3.696 

0.840 

14 

Oct. 13-Oct. 27 

2,891 

-0.140 

15 

Oct. 27-Nov. 10 

2.303 


16 

Nov. 10-Nov. 24 . 

0.644 


17 

Nov. 24-Doc. 16* 

0.665 



Total 

46.91 

5.820 


* Period longer than two weeks, 
t N equivalent = 10.5 gm. of total NOj. 


It may be noted (fig. 4) that the nitrate-absorption curves of two-year 
trees for 1929 and 3930 agree as to the dates of maximum absorption. The 
curve for the one-year trees (1929) showed two of the maximum points in 
common with the curves of absorption by older trees, but showed depressed 
absorption early in August, in contrast with rapid absorption going on at 
that time in the case of older trees. One-year trees can hardly be consid¬ 
ered typical of usual tree growth or absorption in the orchard, and cer¬ 
tainly not in the greenhouse. Trees newly placed in water cultures are 
late in starting growth, and seldom show second-cycle growth in late 
summer. 

The rate of potassium absorption, it may be noted, usually lags slightly 
behind that of nitrate absorption, although the rate falls off more abruptly 
at the end of the season (November 1). Actual exosmosis of K from the 
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root back to the culture solution takes place at that time. The final drop 
in the nitrate and potassium absorption curves was correlated closely with 
leaf fall. 

Although regular temperature records WTre kept only of the air tem¬ 
perature of the greenhouse, some readings taken of the temperature of the 
culture solution in the jars indicated that the temperature of the solution 
was being held rather uniformly at low levels, below 60° P., even when the 
air temperature at mid-day reached 90° P. The jars were well packed in 
damp moss and were of sufficient capacity to resist marked temperature 
changes. Any changes of temperature that did occur in the solution of 
course followed the same trend as that of the air temperature. 

Many investigators, dealing wdth annual plants, have studied the effects 
of temperature, light, and humidity on the rates of salt absorption. Usually 
the conclusion has been drawm, from short duration experiments, that 
humiditj^ and transpiration have no effect on salt absorption other than to 
increase th(» percentage of silica or chlorine in the ash of the plants exposed 
to high transpiration. Some exceptions to this view have been reported. 
Kegarding the effects of light intensity, Wiessmann (55) reports for rye, 
barley, and wlieat grown in sunlight and in shade, that the former showed 
the higher total absorption of nitrogen, phosphorus, and potassium. The 
work of Seiden (42) is interesting. Maximum total salt absorption by his 
plants occurred in the afternoon of each day, at the time of greatest light 
intensity and highest temperature. Also the percentage of total ash on 
dry-weight basis increased with rise in temperature of the environment in 
which the plants were grown. The color of the light to which the plants 
were exposed also affected the ash content. 

Kecently Petkie (30) investigated the elfects of temperature on tlu‘ 
unequal intake of ions of single-salt solutions by plant tissue. Instead of 
using entire growing plants, only portions (thin disks) of carrot root were 
used for the experiments. 8uch results as he obtained are only indirectly 
applicable to the problem of salt absorption by entire growing plants, but 
they appear to be of value, none the less. Petkte found that at higher 
temperatures (20° C.) the absorption of cations of single salts is decreased, 
and the absorption of anions correspondingly increased. The produ(*t of 
the residue of anion and cation remaining in the outer solution remained a 
constant regardless of temperature. At low temperatures (4° C.) the 
reverse situation held true (cations being absorbed in excess). Equal rates 
of absorption for both cations and anions occurred at about 15° C. Petrie 
pictures the ions (after absorption) as being held, adsorbed on the surfaces 
of the negatively charged colloidal particles of protoplasm in the cells of 
the plant tissue. He proposes that the same process is the basis for selective 
salt absorption by entire growing plants. Perhaps it is not surprising, 
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then, that growing fruit trees should show increasing rates of nitrate 
absorption at higher temperatures. 

With forest trees, Bauer and Kubler have shown that throughout most 
of the season, dry-weight production lags well behind nutrient salt absorp¬ 
tion, when both are expressed in percentages of the total increase for the 
entire season. Presumably the same situation holds in fruit trees. Ter¬ 
minal shoot growth may be active in early spring, but the total dry weight 
of the tree decreases instead of increases at this period. Later in summer, 
however, there is with forest trees a fair correlation between dry-weight 
increase and the rate of salt absorjition by the roots. It seems fairly certain 
that nitrate absorption occurs only in growing roots, or at least in white 
roots, but not in suberized roots. It is doubtful whether any salt absorption 
(with exception of chlorides) can take place through suberized roots. Ex¬ 
perience in the rooting of peach and apple trees seemed to indicate that 
chloride absorption may occur through old suberized roots in these trees. 
Leaves and young shoots were forced out much more rapidly on trees with 
roots in chloride-containing solutions than on trees not receiving chlorides. 
None of the otlier salts seemed to affect growth in this wa5\ It should be 
noted, of course, that dormant trees placed in water solutions always form 
shoots before any new white absorbing rootlets are formed. 

Bauer has discussed the question as to whether or not old fruiting 
forest trees possess the same or similar seasonal absorption characteristics 
as the young forest trees that were used in his studies in absorption. He 
believes that age would make very little difference in the matter, although 
the oldest trees were four- or five-year-old seedlings. It seems possible that 
with fruit trees (apple or pear), a heavy crop of fruit might increase the 
demand for, and absorption of, most nutrients late in the season. At 
present we have no evidence on the que.stion. Late summer nitrating of 
apple or pear orchards is usually undesirable, from the standpoints of both 
fruit color and winter hardiness. 

In the case of the French prune, so far as the maximum rate of nitrate 
absorption is concerned, nitrate fertilization is apparently most needed in 
late June and early July. The value of nitrate fertilization early in spring, 
and its effects on fruit setting or on fruit-bud formation, are questions 
outside our present discussion. A relatively small amount of nitrate added 
at the right time may be more important in determining the size of the 
yield than larger amounts of nitrate applied at other times of the season. 

It may be noted here that probably not all fruit trees have their maxi¬ 
mum nitrate absorption at the same period of the year. Nitrate absorption 
curves for a few Delicious apple trees (grown in water culture also) showed 
in early summer a slowly rising nitrate absorption with a small peak about 
June 25, corresponding to the nitrate maximum rate in the French prune; 
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but the second peak, the maximum rate of absorption for the whole season, 
fell on September 2 , and the final smaller peak on November 10. The 
leaves of these trees were green until December. Second-cycle terminal 
shoots were still growing on September 2. 

Nitrate absorption by starved trees (one year old) 

As has been stated, the seasonal absorption of nitrate by the French 
prune trees was followed through 1929, for the whole series of starved trees, 
as well as for those trees in complete cultures. The amount of nitrate and 
phosphate absorbed for the season was determined for trees of each starva¬ 
tion group, as well as the tree-weight increase, the diameter increase, the 
total length of shoot growth, etc., during the year of the study. 

The set of curves of total nitrate absorption of trees starved for various 
elements presents a rather interesting situation (figs. 5, 6 ). Trees starved 



Pig. 5. Total nitrate absorption per tree for season of 1929. One-year old French 
prune trees in various solutions; ten trees per group. 

for sulphur throughout the year show both a rate and total amount of 
nitrate absorption very nearly equal to that of complete-solution trees. In 
fact, early in July the -S trees showed a higher rate of nitrate intake than 
did the complete, or any other treatment group of trees. This fact might 
be anticipated, if we consider that SO 4 is a competitor of NO 3 in total salt 
absorption, and if we assume that the -S trees are not very greatly depleted 
in sulphur at this early time in the season, an assumption which is probably 
true, since the tree growth was nearly normal until midsummer. 
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Fig. 6. Total nitrate absorption during season of 1929, by two-year-old Frencb 
prune trees growing in various solutions. 

Following tlic* -S trees, the group in -K showed the next highest rate 
(and total) for nitrate absorption; it was nearly equal to that of the ~S 
trees up to July 30, when the absorption of the -K trees fell off badly. In 
fact, loss of nitrate from the trees (by exosmosis into the culture solution) 
occurred before the close of the season. It should be noted that no loss of 
nitrate from trees in complete cultures occurred at any time of the season 
from March to December 1, and only slight losses during the wunter months. 

In spite of the fact that the group of trees in ~K + Na made greater 
growth than those in ~K, the nitrate absorption of the former was far less 
than that of the -K trees. The presence of sodium may actually be detri¬ 
mental to nitrate absorption. During much of the season the -K + Na 
group showed a slower rate of nitrate intake than any other group of trees 
except the low-calcium group. 

Groups of trees in -Mg and in -P differed only little from those in 
-K ^ Na in their nitrate absorption, all being very poor. This was true in 
spite of the fact that the -Mg trees made a terminal growth nearly equal 
to that made by the -S trees, although the fresh-weight increase and increase 
in trunk diameter (3 inches above the bud) were very much reduced in the 
case of -Mg trees. The -S trees were comparatively poor in trunk-diameter 
increase, making only one-half that made by complete-solution trees, 
although the total fresh-weight increase of the -S trees was equal to 85 
per cent, of that made by the check trees. In short, the ~S trees grew 
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unusually fine root systems, but top growth was not proportionally as good 
as root growth. 

The absence of PO^ did not diminish weight increase nearly as greatly 
as did magnesium starvation. The foliage of the -P trees during the first 
year (1929) was badly injured. The least gain in fresh weight occurred 
in the -Ca group of trees. The -NOg trees, in spite of very poor terminal 
growth, make proportionately very good weight increases, although both 
gains are small compared with the gains of complete-solution trees. 

A group of French prune trees one year older than the preceding series 
M^as completely starved for two years, growing in distilled water; another 
group was grown in complete solution; a third group was grown in pure 
water the first year, and placed in complete solution the second year. Com¬ 
pletely starved trees showed at the end of two years actual loss in trunk 
diameter, although considerable shoot growth had been made from reserves 
in the trees and the average fresh-weight increase per tree for the two years 
was about 160 gm., the initial fresh weight of the trees being on the average 
164 gm. 

Trees starved completely for one year, and then transplanted to complete 
solutions the second year, showed that terminal growth and total weight 
increase are made somewhat at the expense of diameter increase, which still 
lags notably behind for a year or so, until the tree has caught up with its 
salt absorption. 

Also in the block of older French prune trees, to which reference has been 
made, was a group of trees starved for potassium over a two-year period. 
On April 12 of the third year of starvation, some of these trees were trans¬ 
ferred to a -fK solution, and developed excellent shoot growth and fine leaf 
color in about two weeks’ time. Only a trace of the former chlorosis 
remained near the midrib portions of the leaf blade. The leaf color had 
markedly improved 5 days after the potassium was added to the solution. 
Later in the summer, the tip leaves of the young shoots of these same trees 
showed excessive reddening, then browning or burning and drying up. 
The shoot tip itself died back 6-8 inches. 

Other French prune trees, also previously starved for potassium for 
two years, and then placed in complete-solution cultures on May 15, or on 
June 25 of the third year, showed no shoot growth response whatever to 
the added potassium. I^af color did change in about ten to twelve days, 
and the live parts of badly scorched, chlorotic leaves turned green except 
for small areas bordering on the scorched margins of the leaf blades. 

The roots of all of these trees responded quickly to added potassium, 
making abundant root growth. Yet it appears impossible to stimulate shoot 
growth in these trees by adding potassium after about May 1. 
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Conductivity measurements 

The curves of specific resistance (figs. 7, 8) of the solutions of the 
various starvation groups are worthy of notice. Perhaps the most striking 
observation was that nitrate-starved trees, in spite of moderate, healthy 
root growth, were apparently losing certain nutrient salts to the external 



Fig. 7. Totnl rhnngo in specific resistance of culture solutions during season of 
1929. 



Fig. 8. Eise and fall of the conductivity of the culture solutions (change in con¬ 
ductivity in ohms, per two-week period). One-year-old French prune trees, season of 
1929. 
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solution, throughout most of the season. The low-calcium trees, after 
calcium starvation became severe (these trees were fed calcium during the 
early summer to start root growth), appeared to lose an amount of nutrient 
salts nearly equal to the total previously absorbed in the same season. As 
mentioned, however, nitrate (perhaps already assimilated) was not the ion 
lost back to the solution in this period of exosmotic migration. Presumably 
sulphates, chlorides, phosphates, and bicarbonates were excreted or diffused 
back into the solution from dying rootlets. There seems to be no doubt 
that fruit tree roots starved for calcium made very poor nutrient absorbing 
systems. Apparently their usual properties of semipermeability are lost in 
such circumstances, and browning and rotting of the young root tips soon 
follow the change in permeability. On tlie other hand, it has been found 
that a solution of calcium hydrate alone, at pH 7.2~7.4, provides a very 
good medium for healthy root growth by fruit trees. As Wolff showed 
long ago, young forest trees can be grown for long periods in calcium 
chloride solutions alone. Heilbritnn^s work on calcium and membrane 
“healing,’^ permeability, protoplasmic vacuolation and streaming in 
amoeba, etc., is all pertinent to the problem, as is also Farris (11) recent 
work. Farr has shown that for root-hair growth by such plants as tlie 
collard, Brassica oleracea, only calcium need be present in the external 
bathing solution. Calcium hj^drate solution at pH 10 gave the fastest 
root-hair growth of any calcium salt used; and the maximum rate of root 
growth occurred at pH 8 . 0 - 8 .5 in short-period experiments. 

In the present work it has been found that it is entirely possible to 
transfer fruit trees in mid-season, from complete solution to simple 
Ca(OH )2 solution of pH 7.2 or vice versa, without any apparent injury 
to the young white roots, or to older roots, and without any exosmosis of 
chlorides taking place. Outward diffusion of the latter usually occurs if 
the permeability of the tissues containing chlorides is appreciably altered 
from the normal. Such mid-season transfers as have been described make 
possible a new type of seasonal absorption work; the trees may be grown 
in complete solution for one, two, or three months, and then completely 
starved except for calcium during the rest of the year. Growth observa¬ 
tions on such trees should show how dependent (or independent) shoot 
growth is on recently absorbed nutrient salts. 

Summary 

1. A review of the literature of water-culture studies with trees is pre¬ 
sented, extending from the time of Duhamel du Monceau in 1755 down to 
the present date. 

2. The course of seasonal nitrate absorption, and of elemental starvation, 
was studied in young one and twx)-year-old French prune trees, as grown 
in water cultures in the greenhouse. 
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3. The effects of elemental starvation (for elements other than nitrogen) 
on seasonal and total-nitrate absorption are shown for trees of the French 
prune variety. Sulphate starvation appeared to have a far less depressing 
effect on nitrate absorption than did starvation for any other of the six 
major elements of the complete-culture solution. (Iron starvation was not 
studied in this series.) Potassium, magnesium, and phosphorus starvation 
all very seriously depressed nitrate absorption, even resulting in loss of 
nitrate from the roots, late in the season. Calcium starvation prevented 
root growth entirely. Low-calcium trees (fed a small amount of calcium) 
absorbed very little nitrate, and lost solutes from the roots when placed in 
a minus-calcium solution. The root tips of these trees invariably turned 
brown and died. Roots previously well stocked Math calcium survived 
somewhat longer than the lo'w-calcium roots when both were placed in 
minus-calcium solutions. 

4. The total phosphate absorption for the season w^as far more badly 
depressed by magnesium starvation than by potassium or sulphur starva¬ 
tion. Calcium starvation apparently prevented absorption of any consid¬ 
erable quantity of any ioii, including phosphate. 

5. The primary peak in the seasonal nitrate absorption curve of the 
complete-solution French prune trees (both one and two-year-old groups) 
occurred near the end of June, in 1929; with a final, secondary peak falling 
in late October, folloued by a rapid decline to winter dormancy. The 
complete-solution trees, in 1930, now two years old, again gave the maximum 
monthly total nitrate absorption in tlie period June 10-July 10, with brief 
periods of rapid nitrate absorption coining about May 3, August 20, and 
October 7. The curve for potassium absorption follows closely that for 
nitrate absorption, lagging sliglitly behind in the earlier part of the season. 

6 . There is a high correlation betAveen temperature (probably light in¬ 
tensity also) and the rate of nitrate and potassium absorption by these trees. 

The kind assistance of Dr. el. P. Bennett, under AA’hose direction this 
problem M^as carried out, is gratefully acknowledged. 

University or California 
Berkeley, California 
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PHYSIOLOGICAL ANATOMY, TYPE, VARIETY, AND MATURITY 
OP CITRUS FRUITS AS AFFECTING QUALITY OP 
PREPARED JUICES 

Hamilton P. Traub, Leonard W. Gaddum, A. F. Camp, 
AND Arthur L. Stahl 

(with one figure) 

Introduction 

The anatomy of different citrus fruits varies with the type, the variety, 
the quality, and the degree of maturity of the material used, and these fac* 
tors are of great importance in any consideration of the problems encoun¬ 
tered in the preparation of citrus juices. It is of first importance to know 
how the anatomical structure and the physiological state of the material 
affect the development of undesirable tastes, changes in the color, and the 
settling of suspended particles in prepared juices on aging. 

The preliminary results presented in this paper concern the localization 
in the complex tissues of the fruit of the causal agent or agents for changes 
observed in the prepared juice, and the effect of the citrus type, variety, and 
maturity factors on the physiological anatomy of the fruit used. 

Plan of experiment 

The causes of any undesirable changes in prepared citrus juices from 
the time of preparation until used may be classified under two heads: (a) 
those having their origin in the prepared juice itself as a result of the 
amounts and character of solutes and extractives released by the method of 
preparation; (b) those present in the external environment, such as gases 
(particularly oxygen), containers, temperature, and methods of storage. 
Such factors could operate independently or in combination. 

A detailed description of the citrus fruit type is given by Fa'wcett and 
Lee (15). In addition to the tissues mentioned by these authorities, the 
seeds should be indicated which are attached by means of placentae to the 
locular walls w^here these come in contact with the central axis of the fruit 
(fig. 1). It is also of interest to note tliat among the constituents of certain 
of the tissues various glucosides occur (20, 24, 21, 46), and it has been 
shown (46) that the glucoside content decreases with maturity. Pectic sub¬ 
stances are also known to occur in citrus fruits. 

Throughout its development the citrus fruit is continually changing in 
composition and, as a consequence, the extracted juice varies from sample 
to sample. In the whole fruit the juice is contained within the juice sacs, 
or vesicles, and does not come into contact with the various tissues that 
make up the remainder of the fruit structure. In processes of juice extrac¬ 
tion, however, the various tissues are broken down and the juice mixed with 
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Fig. 1. Cross-sectional view of Parson Brown orange showing tissues. 


them. Moreover, the extracted juice contains mcxi'e or less of these macerated 
tissues in the form of solid particles and can take up from them any sub¬ 
stances that they may contain. 

Citrus juice extracted by the usual methods is a buffered .solution with 
an effective acidity, according to reported experiments, ranging from pH 
2.1 to pH 4.3. The more apparent solutes are total acids, 0.25 to 11 per 
cent.; total sugars, 1.5 to 16 per cent.; protein, 0.40 to 1.00 per cent.; and 
mineral salts, 0.20 to 0.40 per cent. ( 38 , 37 , 28 , 32 , 33 , 5 , 10 , 17 ). In addi¬ 
tion there are undoubtedly certain original solutes whose character has not 
been determined, as well as extracted solutes and .suspended particles which 
originate mainly in the fruit tissues outside the juice .sacs ( 1 , 3 , 16 ). These 
extracted solutes may include, among others, pectin, glucosides, aldehydes, 
and esters; and the suspended particles may consist of plastid pigments, 
citrus oil (in some methods of preparation), and macerated and torn tissue 
fragments of different sizes derived from the various tissues of tlie fruit. 
Extracted citrus juice apparently has a colloidal nature and as such shows 
marked individuality from sample to sample. Like most fluids of biological 
origin, the juice from citrus fruits is unstable or constantly changing in 
composition, but after extraction it has a tendency to become stable. 

Materials and methods 

Physiological anatomy 

The fruit was separated into the component parts of its various tissues 
( 36 ). The effect of these constituents when added to the relatively pure 
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juice was then determined. It was impracticable to separate single tissues, 
of course, and in carrying on the work groups of allied tissues were consid¬ 
ered, such as locular walls, albedo (the inner peel), or outer peel, as shown 
in figure 1. in the discussion therefore each of these groups is referred to 
as a tissue. Eight such tissues were considered; 

1. Outer peel (epidermal layer witli'^ome inner peel attachwl) 

2. Inner peel and veins (albedo) 

3. Locular walls 

4. Central axis 

5. Seed coat 

6 . Cotyledons and germ 

7. Empty juice sacs 

8 . Juice expressed from filled juice sacs only 

Infusions were made by grinding separately with sharp clean sand in a 
mortar equal portions by weight of the various tissues as listed. These 
infusions were then made up to volume and used as indicated later in this 
section. Certain of the constituents of the tissues were studied, particu¬ 
larly the oil, the oil-free sap from the outer peel, and the glucosides from 
the inner peel and veins. 

Type, variety, and soxtrce op fruit 

The fruits used were grown in various parts of Florida. Satsuma 
oranges were obtained from Glen St. Mary, Green (^ove Springs, Pensacola, 
Marianna, and Gainesville; Parson Brown from Lake Alfred and Lady 
Lake; Hamlin from Grand Island; Washington Navel from Gainesville; and 
the Pineapple variety from Lake Alfred. Tangerines were obtained from 
Bartow, Hawthorne, and the Experiment Station at Gainesville; grapefruit 
from Lake Alfred and Gainesville; Key limes from Islamorada; Tahiti limes 
from Loughman, and a variant of the Tahiti lime from Homestead. 

Maturity op fruit 

Owing to the fact that the work herein reported was carried out during a 
comparatively short period early in the fruit season, it was impossible to 
obtain much information on maturity; however, every effort was made to 
select fruit in such a way as to cover this subject as thoroughly as possible. 
The samples of Satsuma fruits varied from under-ripe to over-ripe, and to 
a lesser extent the same was true of the Parson Brown. The Pineapple and 
Navel oranges and the tangerines used in most of the experiments were a 
little below full maturity. Since the variety factor is of extreme impor¬ 
tance, as many varieties as possible were studied and compared. 

Methods op i’reparing juices 

Descriptions of the various methods of preparing citrus juices dealing 
chiefly with the methods of bottling and sterilization of the juice after sedi- 
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mentation and clarificatio^i ( 13 , 12 , 7 , 4 ) or of carbonating the product ( 18 ) 
appear in the literature. The methods of preparing citrus juices to be pre¬ 
served by the newer ‘‘frozen pack” (2) development as considered in this 
paper on the basis of the physiological anatomy of the material used may be 
characterized as follows: 

A. Relativel}’' small amounts of tissue introduced: 

(1) Little peel oil introduced 
Method no. 1 

Method no. la 

(2) More peel oil introduced 
Method no. 2 

B. Relatively greater amounts of tissue introduced; 

(1) By grinding, but no oil 
Method no. 3 

(2) By reaming, and very small amounts of oil 
Method no. 4 

Method no. 1.—This was devised as a control method, in that it pro¬ 
vided juice that was virtually free from all tissues except juice-sac constitu¬ 
ents. To obtain the juice sacs, the outer rind containing the oil glands was 
first removed by peeling; the outer wall of the segments wuth all attached 
inner peel tissue was then pared off with a stainless steel knife; finally the 
segments were separated and the vsegment walls removed by inserting the 
knife blade at the base of the segment along the central axis and sliding it 
outward along the locular wall, thus separating it from the juice-sac tissues. 
The collected tissue was wrapped in clean gauze and pressed between por¬ 
celain plates. No metal except the blades of the knives used in paring and 
dissecting came in contact wuth the juice in this method. 

Method no. 1a.— A variation of the first method was ased to some extent 
in studying the normal physiology of citrus fruits. The locules (segments) 
of the peeled halved fruits were pressed between porcelain plates and the 
pressed juice collected. Since the juice did not remain in contact with 
either the locular walls or the inner peel and veins for any great length of 
time when pressed only once, there was little possibility of the leaching out 
of constituents from the kxmlar avails or any adhering tissue. 

Method no. 2. —The juice was pressed from the halved fruits by an in¬ 
verted aluminum cup which held the fruit and pressed it against a metal 
form having the same shape as the cup. The clearance between the form 
and the cup was adjusted, to a little more than the thickness of the peel. 
The shape of the pressing surfaces conformed to that of the fruit and all 
parts coming in contact with the juice were of aluminum alloy. 

Method no. 3.—The juice was pressed from the whole peeled fruit by 
means of a conical worm in a conical fluted housing having a strainer slot 
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along the bottom and a valve at the end through which the pulp passed. 
This press was made of iron heavily tinned, except on the edges of the worm 
and the flutings, and these were kept bright. 

Method no. 4. —The pulp of the fruit w^as reamed out on a high-speed 
revolving cone (9) of a stainless alloy and collected in a porcelain bowl. 

After-treatment 

In handling the juice after extraction and prior to storage the procedure 
w^as as follows: The juice was run directly from the extractor through a 
tinned wire strainer with 18 meshes to the inch and then into a glass recep¬ 
tacle from which the juice was transferred to a glass vacuum flask and vacu- 
uinized (41). A vacuum was kept on the flask, and as 200-300 cc. of juice 
were collected in the upper container it was transferred to the flask by open¬ 
ing the glass stopcock. In this way the juice was under vacuum within 2 or 
3 minutes, at the longest, after it had been extracted. Juice extracted by 
method no. 4 was subject to excessive foaming during the vacuumizing proc¬ 
ess, which suggested the possibility that a great deal of air had been dis¬ 
solved by the beating effect of this method. While the exact importance of 
the use of the vacuum is not established, it has the advantage in experimen¬ 
tal work of giving samples of juice that contain approximately the same 
amounts of dissolved air, thus eliminating marked variations that might be 
due to unequal aeration. The vacuum in the flask was relieved with air ad¬ 
mitted to the top of the flask (not bubbled through the juice). 

The suitability of glass containers for frozen-pack work has been dis¬ 
cussed by WooDROOF (45). After extraction and treatment the juice was 
placed in 8 or 10-oz. jelly glasses and capped under vacuum with lacquered 
cap>s. A vacuum of 27-29 inches was drawn on the container for an instant 
at the time of capping.’ These containers were selected as the best type for 
experimental work because they eliminated the pos.sible effects of paraffin, 
paper, air, and absorbed odors. The 8-oz. container was usually used and 
filled to 0.25 inch of the top. 

The juice was frozen by immersing the glasses up to the lids in rapidly 
circulating brine, and then placing upon the lids a metal tank through 
which also brine was circulating. The brine temperature was maintained at 
- 20° to - 25° F., and the contents of the glas.ses were completely frozen in 
about 25 minutes. After freezing, the outsides of the glassi?s were rinsed 
in fresh water to remove the brine and they were stored at 0° P. 

Some of the juice was put into similar containers, and without previous 
freezing was stored at 32° F. The samples of frozen juice were thawed 
by immersing the containers in running tap-water, and the caps were re¬ 
moved when thawing was completed. The fruit was washed prior to ex- 
^ Equipment for capping the containers lent by courtesy of the manufacturers. 
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tracting the juice and qll containers and extractors were kept thoroughly 
clean but were not sterilized. 


Physical and chemical determination 


When juice was first extracted, detailed records were made of effective 
acidity (pH), total soluble acids, total sugars, and other physico-chemical 
characters. Such determinations were made again whenever samples were 
removed from storage for testing. The quinhydrone electrode was used in 
making the pH determinations (36). Total soluble acids were determined 
by titration with sodium hydroxide, using phenolphthalein as an indicator, 
corrections being made for temperature differences. The results are ex¬ 
pressed as percentage by weight of anhydrous citric acid of the expressed 
juice. 

Specific gravity was determined by means of an hydrometer reading 
to 0.001, corrections being made for temperature differences. The results 


are expressed at 


60 ° 

60 ° 


F.,^ and have also been converted to the eorrespond- 


ing approximate values for degrees Brix for purposes of comparison witli 
results appearing in the literature (8, 11, 37, 38). 

Naringin was prepared from grapefruit according to the method of 
ZoLLER ( 46 ) ; liespcridin was prepared from the sweet orange according to 
the method of Wander ( 42 ). The words “glucoside"’ and '' glucosidaF' as 
used in this paper refer to the fractions extracted by these methods. In the 
case of the characteristic glucoside of Satsuma and of lime, the procedure 
of Wander was followed and the purified product obtained was assumed to 
be the glucoside. 


Presentation of data 


The principal changes observed in prepared citrus juices on aging as 
related to methods of preparation are those in taste, color, and movement 
of larger particles in the more or less translucent or transparent suspension 
medium. While working with Kawano Wase Satsuma oranges on October 
19, 1931, a definite correlation was established between certain methods of 
preparation and the development of a bitter taste and a change in color 
(table I). In addition to these problems, changes in the direction and rate 
of movement of suspended particles challenged investigation (39, 6). 

The effective acidity (pH) and the total soluble acids and solids of the 
mixture gave no indications as to the causes of the observed changes as 
shown by the data in table 11. Although there were preceptible differences 
with regard to these characters, there seems to be no definite correlation 
between the observed changes in the juice and the differences mentioned. 


2 Indicates density at F., r(*ferred to water at the same temperature. 
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TABLE I 

COBEBLATiaN BETWEEN METHOD OP PREPARATION AND DEVELOPMENT OP BITTER TASTE AND 
CHANGE IN COLOR; KAWANO WaSE SaTSUMA ORANGES, OCTOBER 19, 1931 


Method op 

Change in 

Bemarks 

PREPARATION* , 

Taste 

Color 

No. la (check) t 

Pleasantly tart; no 
bitter taste 

Deep chrome (orange); 
no change 

Betained good quality in 
refrigerator for several 
days 

No. 2.. 

! 

Pleasantly tart with 
added flavor of 
citrus oil; no bit¬ 
ter taste 

Color changed from 
deep chrome (orange) 
to sulphur (light yeP 
low) within 1 hour 

Did not develop bitter taste 
on standing at room tem¬ 
perature for 24 hours 

No. 3 

, Developed bitter 
taste in 2 hours 

Deep chrome (orange) ; 
no change 

Taste became exceedingly 
bitter after 4 hours 

No. 4 . 

Developed bitter 
taste in 2 hours 

Deep chrome (orange); 
no change 

Taste became exceedingly 
bitter after 4 hours 


* See text for descriptions of methods of prei)aration. 
f On all later experiments, method lU). 1 was used as the check treatment. 


It was therefore necessary to make an attempt to localize the causes, either 
in the external environment or in the complex tissues of the fruit, or in a 
combination of these two factors. After localization of the causes the 
next logical step was to determine the factors involved in bringing about 
the changes. 

The results are presented in order as follows: (a) changes in taste; 
(b) changes in color; and (c) changes in direction and rate of movement 
of suspended particles. 

Changes in taste 

Undesirable tastes developed in prepared citrus juices on aging are 
described as stale, bitter, limy, musty, and **turpentine^^ in the literature 
as reported up to 1925 (28,13). These terms may not be strictly applicable 
to the product put up under the new frozen-pack method. In the case of 
juices put up in glass containers by the new method, one of the chief dif* 
fieulties encountered up to the present is the development of a bitter taste 
(9). As shown in tables I and IX, this bitter taste develops relatively soon 
after the extraction of the juice, if the method of preparation is a predis¬ 
posing factor. However, such other factors as the temperature of storage 
and the maturity of the fruit mu.st also be considered in this connection. 
While other undesirable flavors may develop in the frozen or cold-stored 
juice, this preliminary report deals only with the bitter taste. 

Tasting technique. —As a rule the results presented are based upon 
the tasting of the juices by two or more individuals. An attempt was 







TABLE II 

Chabacteeistics of citrus juices and the effect of 
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* Similar data, were compiled for Kawano Wase Satsuma; A'^alencia, Parson Brown, Washington Navel, and Hamlin 
Sweet Orange; and Tahiti lime. 

t Two samples of shorter storage period gave same results. 
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made to use constant quantities of materials for tasting purposes in any 
particular experiment. The degrees of taste differences are indicated on 
a relative basis only. When any particular taste was present in a pro¬ 
nounced degree, it is indicated by a (+) sign. Decreasing degrees of any 
particular taste are indicated by (+~), (+—), etc.; increasing degrees 
are indicated by (++), (+ + +), etc. 

Bitter taste. —A clue to the localized tissues responsible for the bitter 
taste which develops in citrus juice prepared by certain methods was 
definitely shown in preliminary experiments (39, 6). The difference in 
taste was found to be due to the method of preparation, and this indicated 
that the cause of the trouble could possibly be traced to certain of the 
complex tissues of the fruit. While still in the whole fruit, these various 
tissues are effectively separated from one another. As has been indicated, 
however, the juice extraction process tears down these barriers more or less 
completely and breaks up the tissues, depending on the method used, and 
the resulting juice may be a mixture of material from most of the tissues. 
Once the juice is prepared in a manner predisposed to the development of 
the bitter taste, other factors may enter which may delay or modify the 
degree of its development under any particular conditions of after-treat¬ 
ment. 

Although it was suspected that the causal agent might be of glucosidal 
nature, the plan of procedure included a comprehensive study of other 
possible causes. The following lines of investigation were followed in an at¬ 
tempt to determine the source of the undesirable tastes: (a) localization of 
the cause in the tissues; (b) determination of the nature of the mechanism 
involved (whether enzymatic, non-enzymatic, solution, etc.) ; (c) determina¬ 
tion of effect of variety, maturity, and quality of fruit; and (d) determina¬ 
tion of effect of after-treatment of the juice (freezing, storage, etc.). 

Localization of causal agent or agents. —It was necessary to con¬ 
sider as many of the tissues of the fruit as possible so that no important 
source of the trouble would escape investigation. The tissues which were 
obviously of no importance were quickly eliminated, but a more detailed 
study of the remaining tissues was made with the object of localizing the 
cause or causes in a definite region or regions in the fruit. 

To eliminate from the study the tissues which did not seem to contain 
the causal agent of the bitter taste, infusions were made by adding 
macerated tissues to the juice and testing for the effect on bitter taste 
development. The check treatments consisted of similar dilutions using 
tissue infusions made with water. Since the degree of dilution necessary 
to secure any marked results was unknown, three degrees of dilution were 
included in the first experiment, 2, 4, and 8 parts of macerated tissue to 
100 parts of juice pressed from juice sacs only. 
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TABLE IIT 

Localization in tissues op Satsuma orange fruit (Kawano Wase) of the cause of 
THE bitter taste, OCTOBER 28, 1931 (DILUTIONS MADE WITH JUICE 
PRESSED FROM JUICE SACS ONLY) 


Infusion 

Parts infusion 

Bitter taste developments* 


Extractive 

USED 

PER 100 PARTS 



Tissue 

liquid 

Immediate 

Later 

Outer peel 

Water 

2 



11 

4 

- 

- 


11 

8 


4-- 

i( (t 

Juice 


- 

- 


< t 

1 4 

H- - 

4'- 


i t 

8 


4- 

Inner peel and veins 

Water 

2 

+ - 

4-- 

i i 

4 

■f - 

4-- 


a 

8 


4- 

t{ (( it it 

Juice 

2 


4 - 


i i 

4 

T — 

4-- 


< < 

8 

+ 

\ 

Locular walls 

Water 

2 

f- i 

-h- 


i i 

4 


4- 


{i 

8 

4 

4-4- 

it a 

Juice 

2 

i - 

f- 


< ( 

4 

1 - 

4-- 


(t 

8 

4- 

4* 

Central axis 

Water 

2 

- 

- 


i t 

4 

- 

- 


t i 

8 


- 

a it 

Juice 

2 

_ 

- 


i t 

4 

- 

- 


i i 

8 

- 

- 

Seed coat . 

Water 

2 

- 

- 


11 

4 

- 



i i 

8 

- 

- 

a a 

Juice 

2 

- 

- 


11 

4 

_ 

- 


i i 

8 

_ 


Cotyledons and germs 

Water 

2 

- 

- 


«( 

4 

— 

— 


i i 

8 

- 

- 

a a it 

Juice 

2 

- 

- 


i i 1 

4 


- 


t i 

8 

-* 

- 


* Relative taste differences are indicated as fellows: (-) indicates absence of the 
bitter taste; (+-), (+), (++), etc., indicate relatively greater degrees of the bitter taste. 


The data in table III show that the tissues most probably responsible 
for the development of the bitter taste are the inner peel and veins, the 
outer peel, and the locular walls (3). The respective degrees of bitter¬ 
ness developed under the experimental conditions (dilution 8 parts of 
macerated tissue to 100 parts of juice) were for the freshly prepared in¬ 
fusion of outer peel (+--), and for the same infusion after standing (+); 
for the inner peel and locular walls (+) when freshly prepared infusion 
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was tested, and (+) for the same infusion after standing. The tastes given 
by the seed coat and cotyledons plus germs were of a nature different from 
tlie one being investigated; the central axis and juice-sac tissues were prac¬ 
tically tasteless excepting in certain varieties of such citrus types as the 
grapefruit (tables VI, VII, and VIll). In this fruit the vascular tissues 
connecting with the juice sacs are much coarser than in some other citrus 
types, and the juice expressed from the separated locules thus carries more 
of the material commonly associated with the inner peel and locular wall. 
The juice sacs themselves are relatively coarse in structure and may con¬ 
tain the bitter principle. Similar results for the grapefruit have been 
reported by Fellers ( 16 ). After the elimination of other tissues, the work 
was concentrated on the tissues of the inner peel, locular walls, and outer 
peel. 

In further experiments, infusions made with outer peel from which 
tlie adhering portions of the inner peel had been more carefully removed 
failed to give a detectable bitter taste, although this taste may have been 
present but masked by the oil taste. As a result of these experiments, the 
outer peel w^as eliminated from the study as not being important in pro¬ 
ducing the bitter taste. Up to this point all the fruit used was below full 
maturity. In later experiments wdth riper fruit it appeared that the locular 
walls were probably less important as a source of the bitter taste than were 
the inner peel and the vein tissues. 

The next step was to determine the factors involved in bringing about 
undesirable taste developments in prepared citrus juices from the stand¬ 
point of the presence or absence of inner peel and veins or locular-wall 
tissue. 

The tests for the enzymatic factors proved negative. The work of 
Heed ( 34 ) and M(d)ERM()TT ( 41 ) on the inactivation of oxidases and per¬ 
oxidases in citrus juices was verified as shown in table IV. The experiment 
included a study of: (a) the distribution of oxidase and peroxidase in the 
locular walls, inner peel and veins, and outer peel ( 29 ) ; (b) the effective¬ 
ness of water and juice in extracting possible enzymes; (c) the effect of 
Berkefeld filtering and centrifuging on tissue extracts made with water 
and juice; and (d) the effect on oxidase and peroxidase activity of mixing 
water extract of inner peel plus veins (giving positive reaction for oxidase 
and peroxidase) with the original juice, Berkefeld-filtered juice, and centri¬ 
fuged juice. 

In these experiments, all water extracts, untreated, Berkefeld-filtered, 
and centrifuged, gave positive evidence of oxidase and peroxidase activity; 
however, the last two gave color reaetions to a less degree. Juice extracts 
as a general rule gave either negative or contradictory results; untreated 
juice and centrifuged juice extracts gave negative tests for these enzymes. 



46 


PLANT PHYSIOLOGY 


44 V 4a C? 

Cu M & So 
0; g « 

^ g,J« g 


o 2 ® 

p p p p 

S3 23 

op p p 

PP 2 2 

a> P 


Jh ^ ^ jz 
9 fi A 

^44 4 a cd 44 

-i^l 

3 


o u 

^ 3 S P 

•42 ^ A .a *43 

C« 5 +» 4S C« ^ 

8> M.a .agi 


«»£|£®s 

g'Ss-S-S’Ss 

■g e<fi a£ S« 

l§n 


?3 £5 g<S £3 


* Infusions made in the proportions of 1 gni. of fresh tissue to 1 cc. extractant, 
t Dilution: 1 part infusion to 8 parts of juice. 








TRAUB, ET AL. : CITRUS FRUIT JUICES 


47 


except in the case of outer peel extract; and Berkefeld-filtered juice extract 
gave contradictory results. Water extracts, whether Berkefeld-filtered, 
centrifuged, or untreated, wiien mixed wdth original Satsuma juice gave 
no indication of the presence of enzymes, indicating that the degree of 
acidity (pH 3.5 in this case) inactivates the enzymes present in the tissue 
extracts. 

The presence of glucasidases was investigated from the viewpoint of 
possible change in optical activity of clarified juice from juice sacs only. 
When tissue infusions possibly containing glucoside-splitting enzymes were 
added to this clarified juice (19), any changes in optical activity observed 
were well within the probable error of the experiment. 

The possible relation between other enzymes and the development of 
bitter taste was tested by adding boiled tissue to unboiled juice, vice versa, 
and also by boiling both before mixing. The tests gave negative results 
as shown in table V. There was no decrease but rather an increase of the 
bitter taste due to boiling. 

TABLE V 

Tests to determine the nature (enzymatic or non-enzymatic) of the bitter 

TASTE DEVELOPMENT IN CITRUS JUICES 


Infusion 

Bitter taste* 

DEVELOPED 

Extractant 

USED 

Inner peel and 

VEINS ADDED 

Satsuma orange 
(Kawano Wase) 
Nov. 9, 1931 

Sweet orange 
(Parson Brown) 
Nov. 10, 1931 

Juicef 

gm. 

None 



(( 

0.01 

- 

4-- 

t ( 

0.10 

- 

4-- 

t ( 

1.00 

i ■* 

4- 

t ( 

5,00 

! ++ 

4-4- 

(( 

1.00 boiled t i 

4" 

■f 

Boiled juicet t 

None 1 

- (+ boiled taste) 

- (4-4- boiled taste) 

tf €( 

1.00 

+ + (4* boiled taste) 

4- - (4- 4- boiled taste) 


1.00 boiled + 

+ -f + (4 boiled taste) 

f 4- (4-4- boiled taste) 

Water 

None 

~ 

- 

< * 

0.01 

4-~ 

+ — 

t i 

0.10 

4- 

4- 

i t 

1.00 

4-4- 

4- 

(( 

5.00 

4-4-4- 

4-4- 

it 

1.00 boiled t 

4-4- 

4-4 4- 


* Relative taste differences are indicated as follows: (-') indicates absence of the 
bitter taste; (+-), (+), (++), etc., indicate increasing degrees of bitter taste. Data 
taken within 15 minutes after mixing and re-checked after 24 hours, 
t Juice pressed from juice sacs only, 
i Heated to boiling point. 
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The evidence apparently points to the possibility of a non-enzymatic 
cause for bitterness. Experiments to test this hypothesis were conducted 
along four lines: (a) testing the possible identity of the causal agent 
for bitter taste with glncosides; (b) determining the effect on taste of 
varying amounts of glucoside; (c) determining the effect of the extraction 
pressure and the temperature factors on the degree of bitter taste de¬ 
veloped ill prepared citrus juices; and (d) determining the solubility of 
the substance causing the bitter taste. 

Aliquots of the tissue extracts were centrifuged and Berkefeld-filtered; 
similarly, aliquots of the juice used for dilution in the ease of locular walls 
and inner-peel and vein infusions were centrifuged and Berkefeld-filtered. 
The centrifuging and Berkefeld-filtering processes did not seem to remove 
the causes of bitterness, since samples consisting of Berkefeld-filtered in¬ 
fusions diluted with similarly treated juice expressed from juice sacs only 
still gave mixtures which developed a bitter taste. As a result of these 
experiments it appeared that the cause of the bitter taste was a soluble 
substance. 

When the experiments were undertaken, it was suspected that the 
causal agent for the bitter taste was of ghicosidal origin; however, it was 
necessary to eliminate other possibilities in order to obtain reasonable 
assurance that the original hypothesis might prove tenable. 

The data presented in tables V and VI indicate that the degree of bitter¬ 
ness developed when inner-peel and vein tissue or naringin is added to 
Satsuma juice pressed from juice sacs only is in a marked degree propor¬ 
tional, within the limits of the experiment, to the amount of inner-peel and 
vein tissue or glucoside added to juice expressed from juice sacs only. In 
the case of grapefruit, the bitter taste is present even in juice expressed 
from juice sacs only, but the degree of the characteristic bitterness may 
be increased by adding naringin, as shown in table Vi. 

A more comprehensive experiment which verifies these conclusions 
was carried out with juice of Satsuma orange, sweet orange, grapefruit, 
lime, and tangerine, as presented in table VII. In the experiment the juice 
from juice sacs only was treated in two ways: (a) by addition of the glu¬ 
coside extracted from the inner peel and veins; (b) by addition of the 
inner peel and veins from which the glncosides had been extracted. The 
data show that the extracted tissues gave negative results except in the 
case of grapefruit juice, which result is in harmony with previous experi¬ 
ments. The addition of the extracted glucoside gave positive results, the 
degree of bitterness increasing with the amount of glucoside added. 

The data presented in tables V, VI, and VII indicate that the major 
cause of the bitter taste developed in prepared citrus juices on aging 
apparently is of glucosidal origin. Since the chemical structure of the 
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* Relative taste differences are indicated as follows: (—) indicates absence of the bitter taste; (4- ), (+), (++)# Ptc,, 
dleates relatively greater degrees of the bitter taste. 

t Naringin prepared according to method of Zoller (45), 

X Experiment set up November 9, 1931. 

$ First one-third pressings used in this experiment. 
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glucosides contained in various types of citrus is not the same, it would 
be expected that the bitter tastes associated with them would not be 
identical. This is actually the case; and so far as the work was carried, 
each glucoside or closely related group can be recognized by its charac¬ 
teristic taste qualities. 

The data presented in tables V and VI sliow also that the temperature 
factor may be of importance with reference to the rate of bitter taste de¬ 
velopment and the final value attained. The figures in table V show that 
the degree of bitter taste developed is markedly greater in cases where either 
the juice, the tissue, or both are heated before or after mixing. The figures 
presented in table VI, although not so conclusive as those presented in 
table V, show that apparently more naringin goes into solution as the 
temperature is raised, as indicated by increased bitterness of taste after 
boiling. This is in harmony with the w'ork of Zoller ( 46 ), who has shown 
that naringin is more w^ater-soluble at higher temperatures. 

The data presented in table VIII indicate that the degree of bitterness 
developed when juice is expressed from inner-peel and vein tissue with 
attached juice vesicles by means of porcelain plates is in a marked degree 
correlated with the pressure exerted. The first 100 cc. develop the least 
bitter taste and usually the degree of bitterness rises markedly in the case 
of the third 100 ce. ( 14 ). It should be pointed out that when juices are 
expressed from juice sacs only, except in the case of the grapefruit, a bitter 
taste does not normally develop, even in 8 or 9 days in cool storage. This 
would indicate that the data in table VIII possibly should be interpreted 
on the basis that the bitter taste is due to dissolved glucosidal material 
pressed primarily from the cells of the inner peel and veins and locular 
wall tissues. 

Type, variety, quality, and maturity^ factors. —The data presented 
in tables I to VIII, inclusive, are in harmony with the commonly accepted 
ideas regarding the wdde differences in kind of juice secured from various 
types of citrus fruits, such as Satsuma orange, sweet orange, tangerine, 
grapefruit, and lime. The chief variations, such as effective acidity (pH), 
total soluble acids and solids, as w’ell as the more subtle taste qualities 
associated with each type, are due to the kind of citrus fruit used. Within 
a citrus type the effect of variety on the quality of the juice is of great 
importance. 

In the case of the Satsuma orange, two varieties have been studied. 
With juice prepared on October 19 from Kawano Wase Satsuma oranges 
(table I) a marked bitter taste developed within two hours. With juice of 
Owari satsumas the results were somewhat different. Juices w’^ere prepared 
on November 19 from fruits of average maturity from Marianna (table IX), 
and fruits of advanced maturity from the station orchard at Gainesville on 
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December 3 (table Vlll). In the sample of average maturity prepared by 
methods 3 and 4 a bitter taste was developed to the degree of (+) at the end 
of two and three hours, respectively (table IX) ; the sample of advanced 
maturity gave a bitter taste only to the degree' (+ —) even when the juice 
was pressed from inner-peel and vein parings as indicated in table VIII, 

As shown in table IX, the Washington Navel is more likely to develop 
the bitter taste than Parson Brown, Pineapple, or Hamlin. In grapefruit 
the glucoside taste is expected and there is even a popular prejudice against 
such a variety as Triumph which does not have the characteristic glucoside 
bitterness of this type of citrus. The study of the effect of quality of fruit 
within a variety in this particular has not been undertaken experimentally. 

In most cases the bitter taste developed in sweet orange juice was found 
to be relatively little and w^as found to decline wdth advancing maturity. 
In table IX it will be noted that on November 13 and 14 two samples of 
juice were prepared from Parson Brown oranges, the first with fruit from 
Lady Lake, Florida, and the second with much less mature fruit from Lake 
Alfred. The first sample developed no noticeable bitter taste but the second 
sample developed a degree of bitterness with methods 3 and 4 of (-f -) after 
two hours of standing, indicating the effect of maturity in decreasing bitter¬ 
ness. Pineapple and Hamlin orange juice prepared by methods 3 and 4 
gave results very similar to these, fluice prepared from the Washington 
Navel variety, however, on November 14 and 19 developed a degree of bit¬ 
terness with methods 3 and 4 of (+ ;) and (-f), respectively, after two hours^ 
standing on the first date and a degree of bitterness amounting to (+) with 
both methods after standing for five hours for the second date (table IX). 

The tangerine juices prepared on November 23 gave results closely par¬ 
alleling those for satsumas, developing a very bitter taste for methods nos. 3 
and 4 after standing for several hours (tables I, VIII, and IX). Tahiti and 
lime juices prepared on November 18 by methods 3 and 4 developed a dis¬ 
agreeably bitter taste (table IX). 

The results discussed are of course a mere beginning toward the complete 
listing of citrus varieties suitable for juice production on the basis of gluco¬ 
side content and other constituents and their relative proportions remain¬ 
ing after various stages of maturity. The subject is of major importance 
and will require comprehensive experiments. 

The preliminary results are in harmony with those often quoted in the 
literature to the effect that a bitter taste does not always develop or that 
properly matured fruit does not give a poor quality juice ( 28 , 9 , 12 ). The 
experiments here reported support these empirical statements and will make 
it possible after the subject is thoroughly investigated to select citrus fruits 
intelligently so as to minimize the bitter taste in the product. In determin¬ 
ing the exact range in the maturity of citrus fruits when materials should 
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be selected for juice extraction, two opposing tendencies must be considered. 
While the glucoside content decreases with age ( 46 ), as a general rule the 
processes of senescence become increasingly important and lead to other un¬ 
desirable qualities than the bitter taste of the prepared product. The exact 
range within which the fruit should be selected will depend not only on the 
variety but also on the local environmental differences which would tend to 
shift the period in one direction or the other. The rule to be followed in 
each case would be to harvest the fruit when the glucoside content has de¬ 
creased sufficiently to reduce to a minimum the tendency of the product to 
develop a bitter taste and before the processes of senescence have proceeded 
far enough to bring other undesirable qualities into the product. 

Effect of after-treatment of juice on development of bitter 
TASTE.— The vacuumized juice was poured into 8-oz. jelly glasses and again 
vacuumized during the sealing jiroc^ess. The prcnluct was then stored in 
two ways, at 32° F. (0° C.) without preliminary freezing and at 0° F. 
(-18° C.) with preliminary freezing. Samples were then removed at con¬ 
venient intervals for investigation. The first treatment was employed to 
test the possibility of preserving the juices for short periods, up to 36 hours, 
in order to meet the demand of the producer who wishes to market unfrozen 
citrus juices. The second treatment was intended to meet the demand for a 
feasible method of storing the product over a period up to eight months or 
longer. 

In the case of unfrozen juice stored at 32° F. (0° C.) for short periods 
of time, satisfactory results have been obtained with methods 1 and 2, so far 
as controlling the bitter taste is concerned (table IX). In some instances, 
however, other undesirable taste qualities have given some trouble; there¬ 
fore method 2 was feasible with these exceptions. With methods 3 and 4, as 
a general rule the development of the bitter taste could not be effectively 
controlled even by immediate storage, except in cases where the glucoside 
was present in minimal quantity. As shown in table IX, the rate and de¬ 
gree of development of the bitter taste were not consistently affected by 
the treatment. In this connection it should be pointed out that some of the 
undesirable taste, especially when present in minor quantities, was not read¬ 
ily distinguished when the product was consumed in the cold condition. 
This indicates that the undesirable taste would likely be less pronounced in 
actual commercial practice if the product were produced and marketed un¬ 
der low-temperature conditions. It would be necessary to indicate to the 
consumer, however, that the product might deteriorate rapidly at ordinary 
room temperatures. 

When citrus juices were frozen and stored at 0° F. (-18° C.), partially 
satisfactory results were obtained in all cases by the use of methods 1 and 2. 
Valencia orange and Tahiti lime juices put up by method 2 developed no 
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bitter taste even after four months of storage at 10° (-12° C.) in the 
frozen condition. Lime juice prepared according to method 4, however, 
after four months’ storage developed a perceptibly bitter taste within an 
hour after defrosting. The results secured by storing juices in the frozen 
condition at 0° F. (-18° C.) for shorter iieriods in the case of various types 
of citrus, including Satsuma orange, sweet orange, tangerine orange, and 
lime, were similar to those heretofore reported for Valencia orange and 
Tahiti lime over a longer period. 

Other taste qualities. —Of the various other taste qualities, desirable 
and otherwise, only that imparted by the addition of citrus oil is taken up 
in this report. A minimum addition of citrus-peel oil to the freshly ex¬ 
tracted juice is not objectionable and in fact is usually preferred. While 
the presence of a small amount of oil has not had any bad effect on juice 
frozen by certain methods, it might result in undesirable taste qualities 
under some other methods of freezing and storage. After four months’ 
storage, Valencia orange and Tahiti lime juice extracted by method 2 and 
frozen and stored under vacuum had only the very slightest off-taste, al¬ 
though there w^as considerable oil content. As pointed out in the preceding 
discussion, a minimum amount of citrus oil may entirely mask the bitter 
taste developed in juice prepared by some methods of manufacture. 

Changes in color 

Second in importance to taste is the color of prepared citrus juices. The 
orange or yellow coloring matter of the flesh of various citrus types is local¬ 
ized in small bodies (plastids) found in the cells which compose the juice 
sacs of the fruit (26) . The plastids vary in shape with the type of citrus. 

The red, orange, and yellow pigments occurring in plants fall into sev¬ 
eral chemical classes: carotinoids, flavones (anthoxanthones), and antho- 
cyanins (19, 31, 43, 44). The presence of the carotinoids has been demon¬ 
strated in certain citrus juices by Matlack (27). The color changes in 
citrus juices were studied on two types of material, empty juice sacs, and 
the juice containing the extracted plastid pigments. 

Color descriptions are based on the Maerz and Paul color dictionary 
(25). Two types of material were described as to color. In one case the 
pigments w^ere in solution and in the other the colored particles were sus¬ 
pended in the juice mixture. An 8-oz. tumbler was filled to a depth of 0.75 
inch, and the mask was placed over the top of the tumbler which was set on 
a 600-cc. beaker inverted over a white background. This allowed light to 
penetrate from all sides, making the optical conditions comparable with 
those of a liquid in a bottle. When the color was in solution it was not prac¬ 
ticable to use this method, and then color comparisons were made by exami¬ 
nation of the liquid in the tumbler from the side without a mask. In report- 
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yellow) 
9-8-1 
(Orange) 

< 

t=> 

03 

q 

5 M 

9-9-Lt 

(Deep orange) 

9-9-L 

(Deep orange) 

9—9—L 

(Deep orange) 

9-9-L 

(Deep orange) 

! 9-9-L 

' (Deep orange) 

9-9-L 

(Deep orange) 

9-9-L 

(Deep orange) 

9-9-L 

(Deep orange) 

9-9-L 

(Deep orange) 

9-9-L 

(Deep orange) 

xa 

% 

m 

IZi ^ 
s S O 

IIS 



+ + + + + 1 
+ 4- 

+ + + 4- 


Solvent 

« 

1 

Ethyl alcohol 

95 per cent. 

Acetone 

Acetaldehyde 

Ethyl ether 

Chloroform 

1 Petrol ether 

Benzene 

i 

Xylene 

Toluene 

1 Carbon disulfide 


Sol¬ 

vent 

GROUP 


III 


* Group I dissolves all pigments equally. 

Group II dissolves carotin and traces of others. 

Group III acts intermediately between first and second groups, 
t Maxbz and Paul number. 
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ing the color reactions, the general range of color change is indicated in 
parentheses below the common names. 

Nature of juice-sac plastid pigments. —Tlie solubility tests made gave 
results in harmony with the earlier work of Matlack on the nature of the 
plastid pigments in citrus fruits (27). The data covering the solubility 
tests with the usual carotinoid solvents are presented in table X. The re¬ 
sults of the solubility tests for anthocyanins are given in table XI. 


TABLE XI 

Solubility of fresh plastid pigments of various citrus types in hot water 





Solubility of lighter 

Type of 

Solubility of original pigment in 100 

COLORED PIGMENT RE¬ 
SULTING IN JUICE-SAC 

CITRUS FRUIT 

GM. OF EMPTY JUICE SACS 

TISSUE TO WHICH PEEL 




OIL HAS BEEN ADDED 


Solubility in 


- 

Satsiima 

(Owari) 

50 cc. solvent 
Original color of 

9-9--L 

9-4-L (Light 

sacs 

(Deep orange 

orange yellow) 

Color of sacs 

9-9-L 

9-4-L (Light 


after treatment 

(Deep orange) 

orange yellow) 


Color of filtrate 

Colorless 

Colorless 


Solubility in 50 

— 

- 

Orange 

(Hamlin) 

ce. solvent 
Original color of 

9-4-L 

9-l-L 

sacs 

(L. orange yellow) 

(Yellow) 

Color of sacs 

9-4-L 

9-l-L 


after treatment 

(L. orange yellow) 

(Yellow) 


Color of filtrate 

Colorless 

Colorless 


Solubility in 50 

— 

— 

1 

Tangerine 

(Dancy) 

cc. solvent 
Original color of 

9-9-1 

9-5-L 

sacs 

(Orange) 

(Orange yellow') 

Color of sacs 

9-9-1 

9—5—L 


after treatment 

(Orange) 

(Orange yellow) 

i 

Color of filtrate 

Colorless 

Colorless 

i 

Solubility in 50 

— 

- 

Lime 

(Key) 

cc. solvent 
Original color of 

17-2-0 

17-1-J 

sacs 

(Green) 

(Light yellow ) 

1 Color of sacs 

17-2-0 

17-1-J 


after treatment 

(Green) 

(Yellow) 


Color of filtrate 

Colorless 

(Colorless) 


* (- ) indicates absence of any particular pigment. 


The data reported in table X, using juice-sac material from Owari Sat- 
suma orange, Hamlin sweet orange, and Dancy tangerine, with the usual 
carotinoid solvents, show that the pigments contained in this material were 
markedly soluble in ethyl alcohol, acetone, acetaldehyde, and chloroform, 
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the solvents which, accordin'g to Tswett (40), dissolve all the carotinoids 
equally. The solubility with petrol ether is as a rule slightly less or nil. Ac¬ 
cording to Tswett, petrol ether mainly dissolves carotin. The third group 
of solvents used consisted of those acting in an intermediate manner between 
the foregoing (40), benzene, xylene, toluene, and carbon disulphide. These 
tests as a rule showed marked solubility except in the case of sweet orange. 
With sweet orange the juice was very light in color, owing to the compara¬ 
tive immaturity of the fruit; with riper fruit a more definite reaction would 
probably be obtained with these solvents. 

The solubility tests with the usual technique used for anthocyanins (30) 
show that the juice-sac pigments of Owari Satsuma orange, Hamlin sweet 
orange, Dancy tangerine, and Key lime wore insoluble in hot water, indi¬ 
cating that anthocyanins are apparently absent. 

Color changes due to citrus oil and other comiwtnds. —As indicated 
in table I, the possible effect of citrus oil on the juices prepared by method 
no. 2 was to change the original Satsuma orange color of the juice to yellow. 
This opened up the field of color changes in iirepared juices. Since no very 
marked color changes were observed with methods 1, 3, and 4, it seemed log¬ 
ical to look for the cause of the color change in the outer peel which intro¬ 
duced the chief variation in method 2. It was noticed also that the original 
Satsuma orange color was changed to yellow as a result of neutralization 
and pasteurization of the juice mixture. The results of a typical experi¬ 
ment covering the effect of citrus oil, neutralization, and pasteurization on 
color changes in Owari Satsuma orange, Hamlin sweet orange, Dancy tan¬ 
gerine, Key lime, and McCarty grapefruit are presented in table XII. It 
will be noted that the original color of prepared juices, orange or yellow*as 
the case may be, can readily be changed from orange to a lighter shade of 
orange, or to yellow, or from yellovr to a lighter shade of yellow, by the three 
methods indicated. In the case of neutralization the color change is rever¬ 
sible within certain limits. 

Apparently the source of the citrus peel oil, as shown in table XIII, does 
not affect the results, since the change takes place in all citrus types studied 
whether sweet orange, Satsuma orange, tangerine, grapefruit, or lime oil is 
used. It should be noted also that hand-pressed oil gives the same results as 
distilled oil. In the sap expressed from sweet orange peel from which the 
oil had been extracted, as shown in table XII, no characteristic change of 
color was observed in Satsuma, tangerine, and sweet orange juices. This in¬ 
dicated that the causal agent was present in the citrus oil and not in the rest 
of the outer peel tissue. 

The data in table XIII show also that the degree of observed color 
change was, within certain limits (1,2, and 10 parts per 1000 parts of juice), 
in a marked degree proportional to the amount of citrus oil added. The 
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TABLE XIII 


BrPECT OP VARYING AMOUNTS OP CITRUS PBEL 


Added to 25 cc. juice prom 

JUICE SACS ONLY 

SATSUMA (OWARI) JUICE 


Original color 

Observed color 

Original color 

Maerz 

&Paul 

NUMBER 

Common 

NAME 

Time 

inter¬ 

val 

Maerz 

&PAUL 

NUMBER 

Common 

NAME 

Maerz 

&Paul 

NUMBER 

Common 

NAME 




hr. 





No treatment (chock) ... 

9—7—L 

Deep chrome 


9—7—L 






(orange) 


9-7-L 







3 

9-7-L 

Deep chrome 

9-6-K 

Forsythia 






(orange) 


(orange) 

Distilled orange oil 0.025 




9—(j—L 




cc. 

9-7-L 

Deep chrome 

h 

9-4-L 






(orange) 

3 

9-2-L 

Chrome lemon 

9-6-K 

Forsythia 






(yellow) 


(orange) 

Distilled orange oil 0.05 cc. 

9-7-L 

Deep chrome 

i 

9-4-L 






(orange) 

1 

S-3-L 







3 

9-li-L 

Clirome lemon 

9-C-K 

Forsythia 






(yellow) 


(orange) 

Distilled orange oil 0.25 cc. 


Deep chrome 

i 

9-2-L 






(orange) 


9-1-L 







3 

9-1-L 

Deep sulphur 

9-(5-K 

Forsythia 






(yellow) 


(orange) 

Distilled tangerine oil 0.025 



1 

9-fi-L 




cc. 

9-7-L 

Deep chrome 


9-4-L 






(orange) 

3 

9-2-L 

Chrome lemon 

9-G-K 

Forsythia 






(yellow) 


(orange) 

Distilled tangerine oil 0.05 



} 

9—4—L 




cc. 

9-7-L 

Deep chrome 


9-2i-L 






(orange) 

3 

9-1 i-L 

Chrome lemon 

9-r)-K 

Forsythia 






(yellow) 


(orange) 

Distilled tangerine oil 0.25 



1 

9-2-L 




cc. 

9-7-L 

Deep chrome 

1 

9-1-L 






(orange) 

ii 

9—1—L 

Deep sulphur 

9-f)-K 

Forsythia 






(yellow) 


(orange) 

Distilled grapefruit oil 



1 

9-C-L 




0.025 cc. . i 

9-7-L 

Deep chrome 

h 

9-4-L 




i 


(orange) 

3 

9-2-L 

Chrome lemon 

9-G-K 

Forsythia 






(yellow) 


(orange) 

Distilled grapefruit oil 




9-3-L 




0.05 cc. 

9-7-L 

Deep chrome 

i 

9-2i-L 






(orange) 

3 

9-14-L : 

('hrome lemon 

9-G-Iv 

Forsythia 






(yellow) 


(orange) 

Distilled grapefruit oil | 



1 

9-2-L i 




0.25 cc. 

9-7-L 

Deep chrome 


9-1-L : 






(orange) 

3 

9-1-L 

Deep sulphur 

9-G-K 

Forsythia 

, j 





(yellow) 


(orange) 

Hand-pressed sweet orange 



4 

9-2-L 1 




oil 0.25 cc. 

9-7-L 

Deep chrome 


9-1-L 






(orange) 

3 

9-1-L 

D('ep 8uli)hur 

9-G-K 1 

Forsythia 






(yellow) 

1 

(orange) 

Hand-pressed Satsuma oil 



i 

9-2-L 


1 


0.25 cc. 

9-7-L 

Deep chrome 


9-1-L 






(orange) 

3 

9-1-L 

Deep sulphur 

9-()-K . 

Forsythia 





1 

(yellow) 


(orange) 

Hand-pressed tangerine oil 



i 

9-3-L 




0.25 cc. 1 

9-7-L 

Deep chrome 

i 

9-2-L 1 






(orange) 

3 

9-1-L : 

Deep sulphur 

9-G-K 

Forsythia 






(yellow) 


(orange) 

Hand-pressed lime oil 0.25 



i 

9-3-1. 




cc. . ; 

9-7-L 

Deep chrome 


9-2-L 






(orange) 

3 

9-1-L 

Deep sulphur 

9-G-K 

Forsythia 

1 





(yellow) 


(orange) 

Orange peel sap less oil ' 



i 

9-7-L 




1 . , 

9-7-L 

Deep chrome 

i 

9-7-L ; 




! 


(orange) 

3 

9-7-L 1 

Deep chrome 

9-6-K 

Forsythia 





1 

(orange) 


(orange) 







TABLE XIII 


OIL ON OOLOa, CHANOEfi IN CITRUS JUICES 


Tangerine (Dancy) juice 

Sweet orange (Hamlin) juice 

Observed cau>B 

Original color | 

1 Observed color 

Tims 

INTER¬ 

VAL 

Maebz 

&Paul 

NUMBER 

Common name 

Maerz 

&PAUL 

NUMBER 

Common NAME 

Time 

inter¬ 

val 

Maerz 

&PAUL 

NUMBER 

Common 

NAME 

i 

9~6-K 




i 

9-2-1 



9-6-K 


9-2-1 

Pinard (light 

i ! 

9-2-1 


3 

9-6-K 

Foray thia 


orange yellow) 

3 

9-2-1 

Pinard (light 



(orange) 





orange yellow) 

i 

9-5-K 




i 

9~1-J 



9-4~K 


9-2-1 

Pinard (light 

A 

9-1-K 


3 

9->2-L 

Chrome lemon 


orange yellow) 

3 

9-1-K 

Sulphur 



(yellow) 





(yellow) 

i 

9-4-K 




1 

9-1-Ji * 


i 

9-3-Ki 


9-2-1 

Pinard (light 

i 

9-1-K 


3 

9-2-L 

Cliromc lemon 


oransre yellow) 

3 

9-1-Ki j 

Sulphur 



(yellow) 





(yellow) 

I 

9-2-L 




i 

9-1-K * 


i 

9-2-L 


9-2-1 

Pinard (light 


9-1-Ki 


3 ! 

9—1 —I 

Deep sulphur 


orange yellow) 

3 

9-1-L 

Deep sulphur 



(yellow) 





(yellow) 

i 

9-5-K 




! i 

9-1-J 


i 

9-4-K i 


9-2-T 

Pinard (light 

k 

9-1-Ji 



9-2-1. 

Chrome lemon 


orange yellow) 

3 

9-1-K 

Sulphur 

\ 

1 

(yellow) 




1 

(yelloAv) 

i 

9-4-Ki ! 




-1 

9-1-J^ i 


i 

9-3-Ki 1 


9-2-1 

Pinard (light 

1 ^ 

9-1-K 


3 

9-2-L i 

Cliroine lemon 


orange yellow) 


9-1-K 

Sulphur 



(yellow) 





(yellow) 

[ 

9-3-1. 



I 

i 

9-1-K 



9-2-L 


9-2-1 1 

Pinard (light 

X 

\ 2 

9-1-K^ 



9-1-L i 

Deep sulphur 


orange yellow) 

1 ^ 

9-1-L 

Deep sulphur 

1 


(yellow) 





(yellow) 

i 

9-5-K 




1 i 

9-1-J 


1 

9-3-K : 


9-2-1 

Pinard (light 

' t 1 

9-1-J^ 


3 

9-2-L 

1 (’lirome lemon 


orange yellow) 

' 3 

9-1-K 

Sulphur 



1 (yellow) 

1 




(yellow) 

I 

9-4-K 




' i 

9-1-Ji 



9-3-L 


' 9-2-r 

Pinajrd (light 

4 

9-1-K 


3 

9-2~L 

Chrome lemon 


orange yellow) 

3 

9-1-Ki 

Sulphur 



(yellow) 





(yellow) 

i 

9-3-L 




4 

9-1-K 



9-2-L 


9-2-1 

Pinard (light 

i 

9-1-L 


3 

9-1-L 

Deej> sulphur 


orange yellow) 

1 3 

i 9-1-L 

Deep sulphur 



' (yellow) 



( 

1 

(yellow) 

i 

9-3-K 

1 

1 



i 

9-1-K4 


1 

9-3-K 

1 

9-2-1 

1 Pinard (light 


9-1-L 


3 

9-2-J 

i (.’hroiue lemon 


! orange yellow) 

1 3 

9-1-L 

Deep sulphur 



(yellow) 





(yellow) 

i 

9~H-h 





9-1-Ki 



9-3-L 

j 

9-2-1 

: Pinard (light 

! i 

9-1-L 


3 

9-2-L 

Chrome lemon 


orange yellow) 

! 

9-1-L 

Deep sulphur 



(yellow) 



1 


(yellow) 


9-3-L 1 




1 :1 

9-1-K 


i 

9-3-L 


9-2-1 

; Pinard (light 

i “ ; 

9-1-L 


3 

9-2-L I 

1 Chrome lemon 


orange yellow) 


9-1-L 

Beep sulphur 



(yellow) 





(yellow) 

i 

9-3-L 




i 

9-1-K 


h 

9-3-L 

1 

9-2-r 

! Pinard (light 

i i 

9-1-L 


3 

9-2-L 

(^irome lemon 


orange yellow) j 

! ^ 

9-1-L 

Deep sulphur 



(yellow) 





(yellow) 

d 

9-6-K 1 




i 

9-2-1 



9-6-K I 


9-2-1 

Pinard (light 

a 

9-2-1 


3 

9-6-K 

Forsythia 


orange yellow) 

3 

9-2-1 

Pinard (light 



(orange) 


1 



orange yellow) 
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* Ma£BZ and Paul number, 
f Common name 
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sliow also that within these limits tlie rate of color change was in a 
marked degree proportional to the amount of oil added. 

The experiment was carried a step further in a preliminary attempt to 
determine the factors involved. The data are shown in table XIV. The 
following groups of oils and resins and glycerol were added to citrus juice 
pressed from juice sacs only (Satsuma, tangerine, and SM'cet orange) : (a) 
essential oils—orange oil (check treatment), clove oil, cedar oil, citronella 
oil, turpentine; (b) resin—Canada balsam; (e) fruit and vegetable oils— 
avocado oil, pecan oil, castor oil, linseed oil; (d) cod-liver oil; and (e) alco¬ 
holic constituent of non-volatile fats and oils—glycerol. The results were 
fairly consistent in showing that the essential oils and resins have a similar 
effect in changing the color of citrus-juice mixtures, as has the check treat¬ 
ment with orange oil, which is also of the same group. The fruit and vege¬ 
table oils, cod-liver oil, and the glycerol, had no effect in changing the color 
except a very slight one in the case of Satsuma orange juice mixture. 

In table XV preliminary data are presented showing some changes in‘ 
color of prepared citrus juices due to the method of extraction and after- 
treatment, by freezing and cold storage. The characteristic color changes 
due to small amounts of citrus oil present in the citrus-juice mixture have 
been discussed. The data presented in table XV are concerned primarily 
w’ith the effect of freezing and cold storage on the color of the prepared 
product. In general, it should be noted that in practically all cases there is 
a slight change in color because of these treatments. The data recorded 
show that the change was from orange with a medium yellow tone to the 
same color with a lighter yelloAv tone. In only a few exceptional cases was 
there a change in the opposite direction, changes from darker or lighter 
shades of the same color, or vice versa, simultaneous with a change in tone 
value (see discussion in Maerz and Pat^l 26). 

In considering the application of these results, it should be realized that 
in citrus juices with a naturally deep Satsuma, tangerine, or orange color, 
any changes to lighter shades of the same color, or to a yellow color, would 
be a distinct drawback; however, in the case of dull shades of yellow, a 
change to a brighter yellow may constitute an improvement. 

Consideration of the relative amounts of citrus oil required to obtain a 
given color effect is of importance, not only to those choosing a method of 
preparation already available, but also to those interested in the design of 
improved machinery for juice preparation. 

As indicated at the beginning of this section, the color factor is sec¬ 
ondary to that of taste, and the amount of citrus oil used must in every case 
be considered from the standjioint of agreeableness in taste of the product. 



TABLE XV 

Effect of method of extraction and treatment on coiair chanoes in citrcs jcices 




Method 




COfAOR 

Variety 

Date 

OF 

PREPARA¬ 

TION 

After- 

treatment 

Storage 

PERIOD 

Maerz & 
Paul 
numbfjr 

Common name 

Sweet 

11/20/31 

1 

Original juice 

days 

0 

9-1-J 

Bright Martius (yellow) 

orange 

(Hamlin) 

(( 

11 

1 

Frozen 

5 

9-l~I 

Martins (yellow) 

i t 

11 

2 

Original juice 

0 

9-2-L 

Chrome lemon (yellow) 

< < 

11 

2 

Cold stored 

3 

9-1-K 

Light sulphur (yellow) 

(i 

11 

2 

Frozen 

5 

9-1-L 

Sulphur (yellow) 

11 

i t 

3 

Original juice 

0 

9-3-L 

Bright empire (yellow) 

(i 

i t 

3 

Cold stored 

3 

9-1-K 

Light sulphur (yellow) 

i i 


3 

Frozen 

5 

9~1|-L 

Sulphur (yellow) 

i i 

i i 

4 

Original juice 

0 

9-4-L 

Sunflower (yellow) 

t ( 

i t 

4 

Cold stored 

3 

9~l^Li 

Sulphur (yellowO 

11 

11 

4 

Frozen 

5 

9— 

Sulphur (yellow) 

Sweet 

11/23/31 

1 

Original juice 

0 

9-15-.T 

Pinard (yellow) 

orange 

(Pineapple) 

t i 


2 

Original juice 

0 

9-2-L 

Clironie lemon (yellow) 

t i 

(( 

2 

Cold stored 

2 

9-li-L 

Sulphur (yellow) 

11 

“ 

2 

Frozen 

2 

9-li-L 

Sulphur (yellow) 

i t 

4 ( 

3 

Original juice 

0 

9-2-L 

Chrome lemon (yellow) 


i ( 

3 

Cold stored 

2 

9-li-L 

Sulphur (yellow) 


i i 

3 

Frozen 

2 

9-1i-L 

Sulphur (yellow) 


i ( 

4 

Original juice 

0 

9—2—L 

Chrome lemon (yellow) 


i ( 

4 

Cold stored 

2 

9-li-L 

Sulphur (yellow) 


* i 

4 

Frozen 


9-li-L 

Sulphur (yellow) 

Satsuma 

11/19/31 

I 1 

Original juice 

! ® 

9-8-L 

Cadmium (deep orange) 

(Ow'ari) 

i < 

, H 

1 

1 

Frozen 

6 

9-6i-L 

Golden glow (orange) 

t i 

' ( i \ 

2 

Original juice 

0 

9-9-L 

Sunkiss (deep orange) 

11 

n 1 

1 

1 2 

Cold stored 

1 

9-8 J-L 

Cadmium (deep orange) 

(t 

i 

i 2 

Cold stored 

4 

9-8i-L 

Cadmium (deep orange) 

(f 

i( \ 

2 

Cold stored 

6 

9-8-L 

Cadmium (deep orange) 

t i 

i ( ' 

2 

Frozen 

6 

9-8-L 

Cadmium (deep orange) 

ii 

i 

3 

Original juice 

0 

9-10-K 

Marigold (deep orange) 

t ( 

i t 

3 

Cold stored 

1 

9-9-L 

Sunkiss (deep orange) 

( ( 

i i 

3 

Cold stored 

4 

9-8^-L 

Cadmium (deep orange) 

< ( 

i i 

3 

Cold stored 

6 

9-8-L 

Cadmium (deep orange) 

{ f 

< t 

3 

Frozen 

6 

9-8-L 

Cadmium (deep orange) 

i ( 

i i 

4 

Original juice 

0 

9-10-L 

Marigold (deep orange) 

t ( 

it 

4 

Cold stored 

1 

9—9—L 

Sunkiss (deep orange) 

( t 

i t 

4 

Cold stored 

4 

9—8—L 

Cadmium (deep orange) 

i t 

i i 

4 

Cold stored 

r> 

9-a-L 

Cadmium (deep orange) 

( t 

t i 

4 

Frozen 

6 

9-8-L 

Cadmium (deep orange) 

Tangerine 

11/23/31 

1 

Original juice 

0 

11-3-E 

Light maple (dull 

(Dancy) 

(( 

i i 

2 

Original juice 

0 

9-7-L 

orange yellow) 

Deep chrome (orange) 

tt 

11 

2i 

Cold stored 

4 

9-6f-K 

Forsythia (orange) 

t ( 

it 

2 

Frozen 

4 

9-71-L 

Deep chrome (orange) 

< t 

it 

3 

Original juice 

0 

9-8-L 

Cadmium (deep orange) 

(( 

it 

3 

Cold stored 

4 

9-8-K 

Capucine (deep orange) 

a 

11 

3 

Frozen 

4 

9-71-L 

Deep chrome (orange) 

< ( 

it 

4 

Original juice 

0 

9—8—L 

Cadmium (deep orange) 

a 

ti 

4 

Cold stored 

4 

9-8-K 

Capucine (deep orange) 

it 

{i 

4 

Frozen 

4 

9-7i-D 

Deep chrome (orange) 
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Changes in direction and rate of movement of suspended particles 

Extracted citrus juices are made up of two distinct phases: one is an 
almost transparent liquid phase containing mainly dissolved substances, 
such as sugars, acids, and some colloidal material; the other is a solid phase 
consisting of small particles of juice sac, locular wall, inner-peel or other 
tissue in suspension in the liquid phase. The particles in suspension carry 
the pigment which gives the juice its color, and are closely associated with 
the characteristic taste of orange juice. Clarified juices do not have this 
characteristic taste and cannot be substituted for the freshly extracted juice. 
The larger solid particles begin separating from the liquid phase imme¬ 
diately after extraction. If the juice is allowed to stand long enough un¬ 
disturbed, there will result an almast purely liquid stratum, which is water 
clear, and a second stratum or strata of a minimum of liquid and most of 
the solid particles. In prepared juices this stratification will finally take 
place, but the methods of preparation and other factors have a pronounced 
effect upon the rate at which it takes place. Other things being equal, the’ 
juice showing the slowest rate of stratification is most desirable. 

In determining the direction and rate of movement of particles in the 
juice mixture, the samples were shaken up and poured into 100-cc. gradu¬ 
ates, and records of the amount and direction of movement, as well as dif¬ 
ferences in turbidity in the different parts of the cylinder were taken at 
15-min. intervals during the first hour, and at greater intervals for the next 
20 hours, and recorded as volume of a stratum. 

Only relative differences in turbidity are indicated in the present report. 
A more accurate nephelometer method (22, 23) is at present under consid¬ 
eration. According to the method used, the turbidity of the sample was ob¬ 
served in the 100-cc. graduated cylinder. Tlie readings were taken prima¬ 
rily on the less turbid upper portion, or on the central portion when some 
of the suspended particles had risen. The symbols used, and their relative 
values, are more or less arbitrary: Thus (+ + + +) represented a condition 
in which the liquid was practically opaque; increasing degrees of translu- 
cency are represented by (+ + 4), (+ +), (h ), and (+ -); when the liquid be¬ 
came almost transparent, so that outlines of objects could be seen through 
the cylinder, the condition is represented by (+ —) ; increasing degrees of 
transparency are indicated by (+-), etc. 

The prepared citrus-juice mixture, as indicated in the previous discus¬ 
sion, is a buffered biological solution containing in addition extracted 
solutes and suspended particles derived from the tissues of the fruit during 
the process of preparation. It was logical, therefore, to look for the causes 
of changes in the stability of the prepared mixture in the interplay of the 
factors contained in it and possibly the external environmental conditions. 
Apparently, therefore, the method of preparation should have a profound 
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effect upon the total mass in suspension, the direction and rate of its move¬ 
ment up or down, and also the relative turbidity of the liquid mixture. The 
stage of maturity of the fruit which furnished the juice, and the effect of 
various subsequent treatments of the juice (such as the containers, gases in 
contact with the juice, freezing, storage temperature, and length of storage 
period) are also of importance in this connection. 

The exact role of the various component parts as they affect the stability 
of the citrus-juice mixture has not been definitely determined. The con¬ 
stituents possibly affecting the character of the juice mixture may be divided 
into three classes: (a) substances in true solution, such as sugars, citric 
acid, proteins, and pectins; (b) substances present in the colloidal state, 
such as proteins and pectins; (c) matter in mass composed of larger sus¬ 
pended particles. 

The first step in the attempt to understand the stability of the suspen¬ 
sion was to study the behavior of infusions of the tissues of the fruit in the 
concentrated condition, also diluted with juice extracted from juice sacs 
only, and with water. The tissues considered were the outer peel, inner peel 
and veins, locular walls, central axis, seed coat, and cotyledon and germ. 
The locular wall, inner peel, and vein infusions gave the most turbid and 
stable mixtures; the germ and cotyledon infusions also gave turbid and 
stable infusions. When tissue infusions were diluted in the proportions of 
2, 4, and 8 parts of infusion to 100 parts of juice from juice sacs only, or 
with water, the results paralleled those already indicated, showing that even 
small amounts of these tissue infusions have a marked effect on the stability 
of the suspension as measured by the relative turbidity. 

As previously stated, the turbidity and color of the juice mixture are due 
to particles of tissue introduced by the method of extraction, and these tend 
to separate out from the liquid phase. The direction and rate of movement 
may be affected by the size and specific gravity of the particles in suspen¬ 
sion, or by the possible presence or absence of stabilizing substances such as 
oils, pectins, and proteins or precipitants (electrolytic or colloidal), or by 
indirect effects such as might be produced by enzymes. A preliminary re¬ 
port will be given here on the effect of the size of the particles, of citrus oil, 
and of cold storage and freezing. 

The effect of decreasing the size of the particles on the stability of the 
suspension was studied by using a ball mill and a colloid mill to reduce the 
size of the particles. In general, the stability of the suspension increases 
with decrease in size of particles, as indicated by the number of hours the 
material was ground in a ball mill (table XVI), while the color intensity 
decreases with decrease in the size of the particles. It will be noted also 
that the turbidity of the translucent portion is directly correlated with the in- 
erease of stability, as indicated by (4-) turbidity at the end of three hours 



TABLE XVI 

Effect on stability of citrus-juice suspension of decreasing size op particles by ball-mill grinding 
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* Volumes read in 100-cc. cylinders. 

t In grinding a liquid in a ball mill, some sandy or powdery rock material is produced. When juice ground in this way is 
set up in cylinders, a heavy iirecipitate, chiefly composed of ground-up rock, comes down quickly and is followed later by 
settlings that are derived from material in the juice; these zones are separately reported here. The sand zone contained a small 
proportion of citrus tissue. + Turbidity sjrmbols as indicated in text. 
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for Dancy tangerines in untreated material and (+ +) for a similar sample 
ground in the ball mill for two hours. A second experiment was carried 
out with juices run through a colloid mill. The results to some extent par¬ 
allel those secured by the use of the ball mill, although the colloid mill was 
not as effective in this regard as the ball mill. As was to be expected, the 
color of the juice mixture changed to a lighter shade with a decrease in the 
size of the particles. The results obtained by the use of a high-speed soda 
fountain stirrer were very good, giving a more stable suspension than was 
obtained by use of the colloid mill. 

As has been pointed out earlier, the juices were all subjected to vacuum 
treatment in order to remove the dissolved gases, a variable factor that 
would have been brought in if the material had not been treated in this man¬ 
ner. In general, when untreated citrus juices were allowed to stand at 
room temperature after thorough shaking, they separated into three strata. 
A small portion of the particles moved upward and a larger portion settled 
at the bottom, leaving a more or less translucent stratum between (table 
XVII). When the juices were vacuumized, however, the tendency was foi* 
all the particles to move doumward, leaving a more or less translucent upper 
stratum. 

The rates of settling during the first few hours in juices prepared by 
methods 1 and 2 were as a rule similar to the rate in those prepared by 
method 4, this being the slowest. In the case of method 1, a few larger par¬ 
ticles settled out quickly, but the turbidity of the remainder of the juice was 
so great as to mask this. When the turbidity is greatly reduced for some 
reason, this layer of coarse particles becomes apparent and the i*ate of set¬ 
tling would be very rapid if this were taken as the indication of settling. 
The rate of settling for juices prepared by method 3 is much more rapid 
than for methods 1, 2, and 4. For method 2 there is little or no settling dur¬ 
ing the first hour or so after standing. For method 3 there is a rapid settling 
during the same period, and in method 4 the tendency is again similar to 
that for method 2. After standing for more than two or three hours, the 
rate of settling for methods 2 and 4 apparently proceeds at a rate similar to 
that of method 3; and after twenty hours the amount of settling is approxi¬ 
mately the vsame for methods 2 and 3, but for method 4 the absolute value is 
higher within the period indicated (table XVIII). 

After the juices prepared by the four methods were put in glass con¬ 
tainers and vacuumized, two methods of further treatment were employed,— 
cold storage at 32® F., and freezing at -20® to -25® F. (-28® to -31® C.) 
with storage in the frozen condition at 0® F. Some of the experimental re¬ 
sults concerning the possible effects of the two methods of storage on the 
stability of the juice mixture are summarized in tables XVITI and XIX. 
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TABLE XVIII 

ErriscT ar method op exteaotion and aptek-treatment on stability of citrus-juice suspension 


Type op 

PBUIT 

AND 

VARIETY 

Date 

PREPARED 

Method 

OP 

PREPARA¬ 

TION 

After- 

treatment 

Stor¬ 

age 

PERIOD 

Volume in cc. op more turbid 
REGION and turbidities* OF LESS 
TURBID REGION AFTER VARYING 
PERIODS OF TIME (HOURS) 

1 


} 

1 

2 

3 

4 

24 





(layn 









Orange 

11/20 

1 

Original juice 







8 



(Hamlin) 













(( 


1 

Frozen 

5 

r> 


6 


5 

5 

5 

5 






•ft 


f-f- 


+ 

+ 

4 

44 

( t 

{( 

2 

Original juice 



96 



70 


48 

37 

i i 

f ( 

o 

Cold stored 

3 

96 

94 

78 

71 

61 

56 

52 


(( 

i i 

2 

Frozen 

5 

95 


94 


81 

72 

63 

37 








-}- 


-f- 

4 — 

4- 


i ( 

u 

3 

Original juice 



60 




53 


39 

< i 

{( 

3 

Cold stored 

O 

«> 

98 

97 

90 

84 

74 

67 

63 


t i 

i t 

3 

Frozen 

5 

74 


55 


43 

40 

39 

30 






f- 


+ 


+ 

4- 

f- 

4 

1 1 

i ( 

4 

Original juice 


99 

98 

97 

97 

97 



79 

i { 

i i 

4 

Cold stjored 

3 

98 

98 

97 

97 

95 

94 

92 


t ( 

i ( 

4 

Frozen 

5 



95 


90 

85 

81 

50 








1- 


f 

4 

4 

4 

Katsuma 

11/19 

1 

Original juice 



12 



10 


8 


(0^vari) 













i i 


1 

Frozen 

() 



6 


6 

6 

6 

6 








H 


4.4. 

44 

44 

44 

i ( 

1 1 

1 2 

Original juice 



97 


93 




45 



o 

Cold stored 

1 

98 




86 

60 


44 

‘ ‘ 

i i 1 

2 

Cold stored 

4 

97 

95 

90 

85 

77 

70 

65 











++ 

4+ 

444 


(( 

i i 

1 2 

(*old stored 

0 


93 

91 

85 

80 

70 

65 

42 








^ + 

+ 

+ 

4 

4- 

.• . 


i i 

2 

Frozen 

() 

95 


88 


68 

63 

60 

40 






+ 


+ 


-1- 

4 

4 

4 


< ( 1 

1 

3 

Original juice 



85 


68 




33 

< i 

i ( 1 

1 

3 

Cold stored 

1 

96 




69 

52 


37 

< ( 

1 < < 1 

3 

Cold stored 

4 

92 

86 

73 

67 

59 

55 

51 


t i 

i 

3 

Cold stored 

6 


80 

71 

64 

61 

54 

52 

37 








+4- 

+ 

+ 

4 

4- 

4- 

“ 

i i 1 

1 

3 

Frozen 

fi 

63 


46 

. .. 

39 

32 

30 

23 






+ 


f- 


+ 

4 

4 

4 


i i 

4 

Original juice 



93 


75 

63 




< ( 

i f 

4 

Cold stored 

1 

98 




83 

62 


40 

< < 

( t 

1 

4 

Cold stored 

4 

98 

96 

94 

91 

88 

83 

78 











+4+ 

444- 

444 



i t , 

4 

Cold stored 

6 


90 

86 

83 

80 

70 

66 

42 






1 


•H* 

•H- 

-H- 

44 

44 

44 

(i 

< ( 

4 1 

Frozen 

d 

i '- 


59 


46 

42 

39 

29 






1 4. 


+ 


+ 

4 

4 

4 

Tangerine 

11/23 

1 

Original juice 


i 

95 


.. 




27 

(Dancy) 





j 









4 i 

2 

Original juice 





96 




63 

i i 

4 4 

2 

Cold stored 

4 

100 

98 

98 

97 

97 


89 

51 







f 

4- 


+ 


4-4 



* Turbidity symbols as indicated in text. 
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TABLE XVIII (Continued) 


Type of 

FRUIT 

AND 

VARIETY 

Date 

PREPARED 

Method 

OP 

PREPARA¬ 

TION 

After- 

treatment 

Stor¬ 

age 

PERIOD 

Volume in cc. of more turbid 

REGION AND TURBIDITIES* OF LESS 
TURBID REGION AFTER VARYING 
PERIODS OF TIME (HOURS) 

i 

i 

i 

1 

2 3 

4 24 





days 







Tangerine 

11/23 

o 

Frozen 

4 

94 

84 

76 

70 

46 

29 

(Dancy) 





+ 

4- 


i- 

^ — 

4— 

i ( 

(i 

3 

Original juice 





98 

95 92 

. 61 

i ( 

i ( 

3 

Cold stored 

4 

100 

98 

97 

95 

94 

72 45 







4 

4- 

4- 

4- 

44— 

(( 

(i 

3 

Frozen 

4 

94 

84 

76 

70 

46 

29 






+ 

4- 

4- 

4- 

4— 

4 — 

i ( 

11 

4 

Original juice 





99 

97 94 

80 

(i 

t i 

4 

Cold stored 

4 

100 

99 

99 

99 

99 93 

70 







4 

4- 

4- 

H — 4— 

- 

(i 

(i 

4 

Frozen 

4 

100 

97 

98 

90 


59 







4- 

1- 

4- 


4- 

Lime 

7/22 

2 

Frozen 

4 mo. 

37 

30 


25 

21 20 

19 15 

(Tahiti) 





4+ 

+4 


44 

44- 44 

44 4-1- 

(( 

(( 

4 

Frozen i 

4 mo. 

40 

34 


29 

25 23 

23 15 




1 


+14 

4-f 


41- 

44 41- 

44 44 


* Turbidity symbols as indicated in text. 


In table XIX data are presented showing that after four months of 
storage (juice prepared by method 2 and the rate of freezing varying from 
25 minutes to 12 hours) the treatment gave the following results: with the 
slower rates of freezing, 10 and 12 hours, the settling in general was more 
rapid than with the quicker rates, 25 to 110 minutes. 

The data presented in table XVIII concerning the effect on the rate of 
settling when juices prepared by the four methods are stored at {V2° F., or 
in the frozen condition at 0°, show wdth few exceptions that the rate of set¬ 
tling is not markedly affected by these after-treatments. 

In certain methods of manufacture, citrus oil is introduced into the 
juice. An experiment was carried out to determine the effect of citrus oil 
on the relative stability of the suspension. When a small amount of citrus 
oil was added to the citrus juice, a portion of the particles were found to 
rise to the top, as shown in table XX. Other experiments showed that when 
excessive amounts of citrus oil were added, all of the larger suspended par¬ 
ticles in the juice mixture rose to the top. 

Summary 

1. The method of localizing in the tissues of the citrus fruit whenever 
possible the cause or causes of undesirable qualities in the prepared citrus- 
juice mixture has yielded important results. 



TABLE XIX 

Effect of rate of freezing on stability of citbi's-jcice si'spension (Valenoa sweet orange 
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} Turbidity symbols as indicated in text. 
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2. The cause of the bitter taste which develops in prepared citrus juice 
oil aging has been identified as of glucosidal origin and has been localized 
primarily in the inner-peel, veins, and locular wall tissues, the degree of its 
development being a function of fruit maturity, citrus type and variety, 
method of preparation, and after-treatment. 

3. The kind of bitter taste developed for the samples tested was found to 
depend on the nature of the glucoside contained in the particular type of 
citrus fruit. 

4. The mechanism involved in the development of a bitter taste in the 
prepared citrus-juice mixture was found to be non-enzymatic in nature. 

5. The tendency of prepared citrus juices to develop a bitter taste on 
aging was found to decrease with maturity of the fruit used. This is in har¬ 
mony with the known fact that the glucoside content of citrus fruits de¬ 
creases with maturity. 

6. Minimum amounts of citrus-peel oil for the period of time covered by 
the experiments did not prove objectionable from the standpoint of taste 
quality. 

7. Undesirable taste qualities other than the distinctly bitter taste were 
encountered under certain conditions. Certain of these must be effectively 
controlled before a completely satisfactory frozen or cold-stored product can 
be secured. 

8. The causal agent for the observed color changes in prepared citrus 
juices was traced to the outer peel and identified as citrus oil. When citrus 
oil was added to the juice mixture the orange or yellow color was changed 
to brighter shades of the same color, or to yellow, or from yellow to lighter 
shades of yellow. Somewhat similar results were obtained by neutralizing 
and by pasteurizing the juice mixture as well as by the addition of some 
other essential oils and resins, 

9. Within the limits of the experiments, the amount and the rate of 
change in color were in a marked degree proportional to the quantity of 
citrus oil added. 

10. The stability of the suspension is being investigated on the basis of 
the constituents brought into the juice mixture by the method of manu¬ 
facture. 

11. Reducing the size of the suspended particles by grinding or other 
treatments improved the stability of the suspension and lightened the color 
of the product. 

12. In prepared citrus juices a portion of the suspended particles rose 
and another portion settled; following vacuumization all of the suspended 
particles settled. 

13. The method of preparation had a material effect upon the rate of 
movement of the suspended particles immediately after thorough mixture 
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with the juice; but after two to four hours^ standing the rates of movement 
of the particles were similar for all methods of preparation used. 

14. Preliminary experiments seemed to indicate that rates of freezing 
had a greater effect upon the stability of the suspension than types of stor¬ 
age. Quick freezing and cold storage of juice did not materially affect the 
rate of movement of the suspended particles as compared with freshly pre¬ 
pared juice. 

15. The presence of small quantities of citrus oil caused a portion of the 
particles to rise instead of settle and very large amounts caused all particles 
to rise. 

U. S. Department of Agriculture, and 

Florida Agriccltural Kxpkrtment Station, (tAInksvii.le, Florida 
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SIEVE-TUBE STRUCTURE AND TRANSLOCATION IN 
THE POTATO 
Alden S. Crafts’ 

(with plates ii-vii and one figure) 

Introduction 

The movement of carbohydrates into the potato tuber lends itself to 
quantitative study. The products of assimilation in the leaves move 
through the stems and stolon and are condensed to starch within storage 
cells in the tuber. The stolon may be i’cadily sectioned for measurement; 
and. knowing the transverse area of its phloem and the rate of development 
of the tuber, one can calculate the rate of translocation during growth. 
Photosynthesis is lacking in underground structures, and respiration may 
be estimated with a fair degree of accuracy. 

Birch-Hikschfeld (3) used a similar method to measure transportation 
from the leaf of Phaseolus multiflorus; and Dixon (10) calculated a rate 
of 50 cm. per hour for flow of a 10 per cent, sucrose solution through the 
phloem of a potato stolon during a 100-day growth period. In a previous 
paper (4) the writer arrived at a somewhat lower rate, 21 cm. per hour, 
for flow through the total phloem area of the potato stolon during the 
pin'iod of most rapid growth. As respiration lasses were not accounted for, 
this value represents merely the lower limit; actual rates are undoubtedly 
greater. Many translocation rates have been reported in the literature 
within the last decade; and, although differing individually, they all ap- 
pi’oximate this order of magnitude. 

Ringing experiments, from the early ones of Malpigjii (18), Hales (12), 
and Knight (17) to those more recently performed by Curtis (6,7,8), 
Mason and Maskell (19,20), and Schumacher (28), have indicated that 
oi'ganic nutrients synthesized in the leaves move downward through the 
phloem tissues of the stem. The writer has proposed (4) that the osmotic 
system described by Munch (22) may provide the force necessary to cause 
this downward flow; and he has attempted to describe a nuH^hanism (4,6) 
which Avill fit the quantitative data on translocation and at the same time 
conform to the anatomy of the plant. 

Experiments described by Schumacher indicate that the sieve tubes 
play an important part in the movement of organic materials out of the 
leaf. As perforation of the sieve plates has probablj’ no essential role in 
longitudinal movement (6), we need some other explanation for the rela¬ 
tion of the sieve tube to translocation. A previous paper (5) cited evi- 
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(lence that the permeability of the sieve tubes in cucurbits increases with 
maturity. The i>resent work discusses the detailed anatomy of sieve tubes 
in the potato in relation to translocation, and provides data on rates of flow 
by which the oeneral theory may be further tested. 

Phloem anatomy 

Although ARTscMivvA(iER (1, 2) has studied the gross anatomy of the 
potato, the details of sieve-tube structure have not been described. Be¬ 
cause a knowledge of the developmental phases of sieve-tube anatomy must 
underlie the interpre^tation of their physiology in relation to translocation, 
several of those features are included in the present study. 

The general vascular structure of the potato resembles that of many 
herbaeeou.s plants. The bundles are bieollateral. In the stem they tend 
to remain discrete, being connected laterally by interfascicular cambium; 
but they fuse more or less in the root and stolon, forming a cylinder of ir- 
i-egular thickness. The phloem is confined to the vascular bundles more 
strictly than in the cucurbits, but the internal strands follow devious paths 
and form an anastomosing network in the central region of the stem (1, 
pi. 34-35). Although anastomosis of the phloem strands is also found in 
the external phloem, sieve tubes do not occur outside the en(lod(*rmis or 
starch sheath; nor do the structural differences noted in the cucurbits (5) 
appear. 

Sieve tubes are perceptible in very early stages in sections of young 
stolons cut from imbedded material. At the time the sieve-tube mother 
cell divides to form sieve tube and com2)anion cell, or soon afterwards, the 
slime body appe^ars in the cytoplasm. Arts(uiwauek has described and 
illustrated these bodies (2, pi. 1/>, 6, 7), showing one of them in a sieve- 
tub(‘ element, the nucleus of which was still in the m(*tai)hase (2, j)l. i^B). 
Tn the jiotato the.se .structures differ considerably during their early stages 
from tlie slime drops of the cucurbits, only one ap])(*aring in each sieve-tube 
element. In their later develoiiment, however, they pass through similar 
stages, disintegrating as the .sieve tube matures. 

Plate 11, figure 1, .shows two of these .structures in two succe.ssivc* sieve- 
tub(‘ elements of the young potato .stolon. The nuclei are .still present, 
protoj)lasmic .strands have not apjieared in the sieve jilate, and jilasmolysis 
is apparent in the u])per ehmient. Figure 2 shows a .slime body in a short 
connecting element and figure 3 illustrates a later .stage. While the .slime 
body and nucleus are present the protopla.st seems normal, accumulating 
neutral red wdthin the vacuole and becoming idasmolyzed in hyiiertonic 
.solutions. As the element approaches its mature size, liow^ever, the nucleus 
enlarges and disintegrates (fig. 4) ; the slime body gradually expands, be¬ 
comes fibrous in .structure (plate 111, figs. 5, 6), and slowly spreads out 
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into a tangled mass of gelatinous strands (figs. 7, 8, 9). At this stage, 
streaming slows down to a plastic flow, and the internal protoplasmic mesh- 
work described in cucurbits (6) is formed (figs. 9, 10). The tangled mass 
of disintegrating slime may become attached to these moving protoplasmic 
strands and presents a peculiar writhing motion. 

Small leucoplasts imbedded in the protoplasm, and up to this time prac¬ 
tically indistinguishable, begin to accumulate condensed carbohydrate, 
forming spheres (plate 111, fig. 9, plate IV, fig. 16, and plate V, fig. 19) 
which stain pink or violet with iodine. During the early stages of sieve- 
tube development, while neutral red is readily accumulated, the vacuoles 
of tliese cells are distinct and easily distinguished from the parietal cyto¬ 
plasmic layei*. As the nucleus and slime body disintegrate and the leuco- 
pla.sts enlai'ge. the i)hase boundary between vacuole and cytoplasm appar¬ 
ently breaks down; the plastids migrate from the periphery to the central 
region of the cell, becoming violently agitated by Brownian movement; 
and neutral red fails to accumulate within the cell. Slime plug formation, 
which up to this time has not been noted, is readily induced by means of 
alcohol and other killing agents. In young tissues (plate TIT, figs. 6, 8, 10, 
and plate TV, figs. 11, 12) slime plugs are made up of conglomerate masses 
of partially disintegrated slime bmlies and nuclei, but as disintegration be¬ 
comes complete they are formed of the more homogeneous suspension that 
results (plate IV, figs. 18, 14, 15). 

The protoplasmic layer of the sieve tube reacts differently to different 
reagents. The condition depicted in figure 14 results from the use of a 
killing agent composed of three parts of absolute alcohol to one part of 
glacial acetic acid. That in figure 15 was induced by 95 per cent, alcohol, 
whicli cans(*s a severe shrinking of the protoplasm. The internal strands 
are present, however, and may be densely stained by the use of iodine and 
anilin blue (plate IV, figs. 13, 16, and i>late V, fig. 17). In figure 13 the 
slime, uhich is small in volume, has formed on the surface of the sieve plate 
a compact layer through viiich the protoplasmic strands project. 

By rapidly killing thin sections of potato stolon tissue in this alcohol- 
acetic acid mixture, one can avoid contraction and staining of the proto¬ 
plasm; while the suspension of colloidal material within the cell is coagu¬ 
lated to a flocculent reticulum distributed uniformly throughout the cell 
(plate V, figs. 18, 19). The protoplasm of these mature sieve tubes shows 
peculiar properties in fresh sections. All streaming movements have ceased, 
neutral red no longer accumulates, the cells cannot be pla.smolyzed, and 
anilin blue penetrates readily, staining the callus of the sieve plates (fig. 
20) and fragments of colloidal material wdthin the cell. Plate VI, figures 
21 and 22 illustrate this stage. The former shows a longitudinal section 
of phloem of potato stolon that has been allowed to accumulate neutral 
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red for some time* soon as this picture was taken, a hypertonic sucrose 
solution was applied under the cover glass; and, as the cells containing 
neutral red became plasmolyzed, the photograph shown in figure 22 was 
made. While the sieve tube in the center of these figures was unaffected, 
the companion cells and several phloem parenchyma cells were severely 
plasmolyzed. 

Although the protoplasm seems to have passed into an inert condition, 
it is not actually dead, for treatment with alcohol will often cause a radical 
change or entire cessation of Brownian movement of the plastids; and kill¬ 
ing with dilute eosin solution by the method of Schumacher (28) will 
cause rapid callusing of the sieve plates and collapse of the elements. 
Apparently a condition is reached where distinctions between protoplasm 
and vacuole become less pronounced; the internal strands and parietal layer 
are simply portions having greater density or viscosity than the intervening 
regions. 

As the sieve tubes become senile, the platea are heavily callused (fig. 20), 
as are the side v^all pits; and in some instances large spherical masses of 
callus may partially or almost completely fill the cell lumina. Similar callus 
formations may be induced by the use of dilute eosin solutions (28), and 
after their development the tubes soon collapse and become obliterated. 

The sieve plates of potato develop in the same way as those of cucurbits 
(5), the chief differences being that the protoplasmic connections are 
smaller, the callus cylinders are less prominent, and definitive callus for¬ 
mation is less pronounced. The optical effect resulting from the focusing 
of light by the callus cylinders is very striking in potato sieve plates. Fig¬ 
ures 23 and 24 show pictures of the same sieve plate taken at slightly differ¬ 
ent levels, a water immersion lens and a 12 x ocular being used. Apparently 
these plates show an interference phenomenon, the light being blotted out 
in figure 23 and reinforced in figure 24, for these white spots are much 
brighter than the original unoccupied field of the micro.scope. 

An oil immersion lens reveals structures similar to those found in 
cucurbits. The crater-like ends of developing callus cylinders appear in 
plate VII, figure 25. When stained heavily with anilin blue after being 
mordanted in iodine, the protoplasmic strands appear as small black dots 
surrounded by blue callus cylinders (16), which in turn lie in an almost 
unstained cellulose matrix. The differentiation is difficult to photograph 
because the differences in color are greater than those in intensity and be¬ 
cause one can seldom find plates which are clear of adhering protoplasm 
and flat enough to show more than a few strands in focus at one time. 
Figure 26 shows a cup-shaped sieve plate with the edge in focus, giving a 
longitudinal view of the protoplasmic strands; and figure 27 shows them in 
transverse view. Although the photographs are not very satisfactory, the 
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actual preparations are quite convincing and confirm the interpretation 
that these minute dark-staining cores are the actual protoplasmic strands. 
As they are only 0.3~0.5 p in diameter, pores within these strands, if such 
were present, could probably not be detected by means of the microscope. 

The slime bodies in potato sieve tubes have only a short existence. 
During the major portion of their functioning period, the sieve tubes are 
devoid of these bodies and of nuclei; the limits of the central vacuoles can¬ 
not be detected in fresh sections; a great number of starch-containing 
plastids are suspended within the confines of the parietal layer; and the 
protoplasm, by its staining and plasmolj^ic properties, seems to have lost 
almost completely its property of semipermeability. The companion cells 
have nuclei and are rather densely filled with protoplasm, while the phloem 
parenchyma cells are nucleate and contain starch in increasing quantities 
as they mature. 

Translocation studies 

As detailed anatomical study seems to render untenable the classical 
theory of mass flow through open pores in the sieve tubes, we must search 
critically for another mechanism to explain translocation. As in previous 
work (4,6), dissection studies have been made on the stems and stolons 
of the potato. 

Phloem exudation is not so pronounced as in the cucurbits, for several 
reasons. As soon as an incision is made into the phloem, the intercellular 
spaces of the adjacent parenchyma tissues become filled with sap, acquiring 
a water-soaked appearance. If another cut is then made near the first, sap 
will be seen to flow out and wet the surface of the stem with a very thin 
film that spreads rapidly. These two observations show that the exuded 
sap has a very low surface tension, differing from that of cucurbits. 

If more cuts are made in quick succession near the first one, sap will be 
seen to accumulate rapidly and run from the wound. If then a cut is 
made through into the xylem, the sap will be drawn in rapidly and the 
wounded area will become dry. This shows, as do other experiments, that 
the phloem exudate for the potato does not coagulate in the same way as 
cucurbit sap. In addition, one should remember that exudation in the 
cucurbit stem starts at a rate from three to eleven times that of normal 
flow (6), while in the potato the stem is apparently less elastic, so that little 
more than the normal rate is observed. 

From measurements of the tubers and stolons of potatoes grown in the 
field, more reliable rates of translocation may be calculated. The plants 
were of the Eusset Bural variety and were grown by the Division of Vege¬ 
table Crops of the College of Agriculture, Cornell University, Ithaca, 
New York. 
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The seed pieces were planted on May 17, and the tubers were dug on 
September 22,1930. Weights and phloem areas are given in table I. 

The measurements of sieve-tube elements of both inner and outer phloem 
appear in table II, together with sieve-tube area: phloem area ratios. The 
latter are somewhat higher than the ratio given in a previous calculation 
( 4 ), while the cell walls occupy’a somewhat smaller proportion of the total 
phloem area. 

TABLE II 

Measurements or sieve-tube elements in five potato stolons 



External phloem 

Internal phloem 

Sieve-tube 

Stolon 

Number or 

Average 

length 

Number or 

Average 

length 

AREA 


elements 

MEASURED 

elements 

MEASURED 

Phloem area 

1 ... 

18 

mm , 

0.114 

12 

mm . 

0.123 

21.3 

2 . 

11 


8 

0.109 

22.4 

3 . 

16 


44 


20.1 

4 ..... 

43 


40 


25.6 

5. 

20 


17 

0.082 

25.2 

Average of all 


0.106 



22.9 


Measurements were made on sieve plates from these stolons, the proto¬ 
plasmic strands counted, and the sieve-plate areas surrounding the strands 
computed, as shown in table III. 

The average sieve-plate area surrounding each strand was 3.04 x 10 ® 
cm.“ The protoplasmic strands were stained and measured in fully hy¬ 
drated .sections; they averageil 0.3 p in diameter. The area of the trans¬ 
verse section of each strand was 0.0707 p®, and the percentage of the sieve- 
plate area occupied by strands w^as 0.0707 ^ 3.04 x 100, or 2.3 per cent. 

Data on the rate of growth of Russet Rural potatoes under field condi¬ 
tions at Ithaca wore provided by Professor E. V. Hardenburg of the Veg¬ 
etable Crops Division. The potatoes w^ere planted on June 10, and sepa¬ 
rate lots harve.sted on August 25, September 15, and October 17, Table 
IV shows that between the first two harvests the tubers gained on an aver¬ 
age 173.0-90.3, or 82.7 gm. This gain in 21 days gives a rate of gain of 
3.94 gm. fresh weight per day. According to the dry weight composition 
given in table I, the daily increment of dry weight was 0.89 gm. 

These tables provide a basis for comparing, in potato, the different 
theories of translocation. The total phloem area in the stolons of the sev¬ 
enteen tubers, as shown in table I, averaged 0.0176 cm.® In testing the 
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TABLE III 

Amas, NiTMBEa or smAirofi, and abea per stoand value pob sieve plates or potato 


Sieve 

PLATE 

Area 

CM,* X 10-* 

Number op 

STRANDS 

AreaNO. of strands 
CM.* X 10-* 

1 . 

3.39 

134 

2.53 

2 

1.50 

68 

2.24 

3 . 

2.60 

101 

2.58 

4 . 

2.87 

105 

2.73 

5 .... 

2.75 

111 

2.48 

6 . 

6.34 

201 

3.15 

7 . 

4.47 

158 ; 

2.83 

8 . . . 

2.79 

58 1 

4.81 

9 

2.04 

34 

6.00 

10 ... 

2.99 

56 

5.34 

11 

3.30 

67 

4.93 

12 

3.04 

103 

2.34 

13 

3.15 

69 

4.57 

14 . 

3.35 

63 

5.32 

15 

2.38 

46 

5.17 

16 ... 

1.61 

61 

2.64 

17 

1.46 

67 

2.18 

18 ... 

2.27 

99 

2.29 

19 . 

1.25 

53 

2.36 

20 

4.80 

121 

3.96 

21 .. 

4.05 

108 

3.75 

22 

,5.62 

151 

3.72 

23 

3.67 

130 

2.82 

24 . . 

3.84 

133 

2.88 

'25 .... 

1.92 

no 

1.75 

Total. 

77.45 

2507 


Average . .. 

3.10 

100.3 

3.04 


protoplasmic streaming hypothesis, it seems best to calculate the movement 
on a dry* •weight basis. The daily increment of 0.89 gm. of dry matter 
would occupy approximately 0.60 cc. and would have to move in the pure 


state at a linear rate of 


0.60 


0.0176 X 24 


, or 1.42 cm. per hour, through the total 


phloem area. Only about 10 per cent, of the phloem, however, is occupied 
by streaming protoplasm, one-half of which is flowing in the proper direc¬ 
tion; so tiiat if it were carrying with it organic matter equal to its own 
volume, and were loading and unloading it with machine-like precision, the 
rate of movement would still have to be 56.8 cm. per hour in order to de¬ 
liver the required material. But the maximum rate of streaming observed 
in phloem parenchyma of the potato was 1.8 cm. per hour, while in mature 
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TABLE IV 
Growth or potato tubers 


Eow 

Planted 
June 10 

Harvested 

Tubers 

PER row 

Yield 

PEE ROW 

Wexobt 

PER TUBER 





gm. 

gm. 

2-7-12. 

(( 

Aug. 25 

143.5 

12,970 

90.3 

3-S-13 . 

t ( 

Sept. 15 

141.0 

24,390 

173.0 

1-6-11. 

(( 

Get. 17 

j 

157.3 

28,900 

184.0 


sieve tubes no protoplasmic movements occur in sectioned material. Fur¬ 
thermore, since the length of phloem elements is around 0.1 mm., there 
would be 100 end walls per centimeter, or, in the average conducting sys¬ 
tem of 30 cm., about 3000 to be crossed by diffusion. If the total gradient 
in concentration were from 1 molal to 0, then across any one of these mem¬ 


branes the gradient would be 


M 

3000 


, an insignificant value so far as its quan¬ 


titative aspect is concerned. Streaming through the protoplasmic strands 
of the sieve plate would be equally inadequate, because dry matter alone 
would have to move at a rate of 1.42^0.229-0.023, or 270 cm. per hour, 
through the pores occupied by these structures. Even if they were dis¬ 
tended by internal pressure, as might be conceivable, they would not suf¬ 
fice, for dry matter alone would have to move 6.2 cm. per hour, or over 
three times the rate of streaming through the total sieve-tube lumen area. 
Protoplasmic streaming would seem entirely too slow to act as an effective 
accelerating or transporting mechanism in the movement of organic nutri¬ 
ents through the potato stolon. 

As all of the studies on the structure of sieve plates indicate that the 
protoplasmic strands traversing them are solid, further testing of the 
mechanism of mass flow through perforations seems useless. The strands 
themselves in potato are very slender, being less than 1 p in diameter; and 
any pores which could possibly traverse them would necessarily be so small 
that an immense pressure would be needed to cause the required rate of 
flow. 

When one considers movement through the intex’molecular spaces in the 
hydrated cellulose of which the phloem walls are composed, the pressure 
again is obviously of an impossibly high order. 

Assuming that thase intermolecular spaces occur between concentric 
cylinders (6), so that the formula as modified to apply to flow between 
parallel planes might be used, and, inserting a plausible value for the pres¬ 
sure, the value derived for the minimal distance between the planes is 0.9 p. 
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This is from 10 to 100 times too great for pore spaces in a jell. As there 
is no justification for assuming that the resistance to flow through cell walls 
is less than that calculated, the original theory (4) must be modified. 

Evidence presented in the previous section indicates that sieve tubes 
increase in permeability with age; and, in potato, soon reach a condition in 
which they fail to accumulate neutral red and cannot be plasmolyzed with 
hypertonic solutions, liepeated trials with sugar beet and cucurbit phloem 
have given the same results. These findings are contrary to the generally 
accepted (3, 22) ones of Ruhland which earlier led the writer to the con¬ 
clusion that the sieve tubes played no part in the transport of organic nutri¬ 
ents (4). Continued study on this point, however, convinces one that 
Ruhland was either dealing with very young sieve tubes or observing other 
phloem elements. 

With the sieve-tube protoplasm completely permeable, the cross walls 
would present the greatest resistance to mass flow. The pressure necessary 
to cause movement through the lumina would be almost negligible. If the 
dry weight increment of the tuber entered in the form of a 10 per cent. 

0.89 X 9 

solution, it would move at a linear rate of v r —Vv;: ; ; —^ = 19.0 cm. per hour 

0.0176 X 24 ^ 

through a passage equal, in cross-section, to the total phloem. Through the 
22.9 per cent, of this area occupied by sieve tubes, it would move at a linear 
rate of 83.0 cm. per hour, or 0.023 cm. per second, requiring a pressure dif¬ 
ference of 0.0035 atmospheres per .sq. cm. through the stolon.^ 

A study of the volume relationships of the potato plant indicates that 
the stolon is a region where the transverse phloem area is constricted. The 
pressure gradient necessary to cause flow through sieve-tube lumina in the 
entire plant, therefore, is probably not more than ten times this value, the 
difference between this and the actual pressure in the phloem being re¬ 
quired to overcome the resistance of cross walls. 

If the sieve-tube end walls were so arranged as to act as a complete ob¬ 
struction across the total phloem at frequent intervals, then the area avail¬ 
able for longitudinal flow through wall material would be the sum of the 
sieve-tube lumen area plus the sum of the phloem wall area. An average 
value for this sum w^ould be, from tables I and II, 55.4 per cent, of the total 
phloem and the average rate through this area 34.3 cm. per hour. In the 
potato, however, many of the sieve plates are not transverse and seldom do 
many of them occur in any one plane. By this arrangement a much 

8 R n 1 

2 Calculated according to Poiseuille equation, P = —A— where P = pressure in 

dynes per sq. cm.; Ri, linear rate of displacement = 0.023 cm. per sec.; n, viscosity of 
the solution = 0.012; 1, average length of stolon = 1.3 cm.; and r, average sieve-tube 
8x0.023x0.012x1.3 

radius = 0.0009 cm. P = - 0 81 x iF* -~ 0.0035 atmospheres. 
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greater surface is exposed, reducing even more the actual rate of movement 
through wall material. This is brought out in text figure 1 A, showing the 
strictly transverse arrangement, and B, the situation (greatly foreshort¬ 
ened) as it occurs in potato. 




A a 

Fig. 1. Diagrammatic representation of flow through potato phloem. 


The arrows in these diap^rams represent the flow of solution, the distance 
between them being inversely proportional to the rate of flow. Prom B it 
can be .seen how the actual rate of flow tlirough the wall material may be 
greatly decreased, reducing the pressure required to maintain movement. 
By using this reduced rate in the modified formula (6) and substituting 
the volumes and pressures computed for sap concentrations of 10, 15, and 
20 per cent., values liave been calculated for the minimal distance between 
parallel planes which would accommodate this flow. As the stolon is a con¬ 
stricted region, a greater pressure gradient per unit length is required. 
The values are computed on the assumption that 10, 20, or 50 per cent, of 
the total available pressure is utilized within this limited region. 

These values (table V) show that by assuming ideal conditions, namely, 
a higli concentration in the flowing sap and a high utilization of energy 
within the limited stolon region, one may arrive at dimensions for capil¬ 
lary spaces which approach the probable values. Respiration has not been 
considered, and a zero pressure is being assumed at the ‘"sink” or storing 
parenchyma cell. If, on the other hand, hexose sugars and organic acids 
of low molecular weight were present in the sap, considerably higher pres¬ 
sures might be expected. 
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TABLE V 

Dimensions of capillary spaces required for conduction in potato stolon; 

CALCULATIONS BASED ON SUCROSE 


Solute 

OONC. 

Osmotic 

PRESSURE 

AT 26® C. 

Dimensions of capillary spaces 
Distance between parallel planes 

Pressure utilized 

10 PER cent. 

20 PER CENT. 

50 PER CENT. 

per cent . 

niolal 

atm . 



M- 

10 

0.33 

8.5 

0.066 

0.046 

0.029 

15 . .. 

0.52 

33.5 

0.043 

! 0.031 

0.019 

20 . 

0.73 

19.4 

0.033 

0.023 

0.015 


The potato stolon is apparently a very efficient conducting organ; and 
if a mechanism can be found which will satisfactorily explain its function¬ 
ing, other cases should present no difficulty. Longitudinal movement 
through structures lacking mature sieve tubes seems to take place along the 
walls, and dissection experiments indicate that in growing shoots and root 
tips this movement is not limited to the phloem but spreads throughout the 
structure. Apparently those tissue layers which, in the mature stem, limit 
flow to the phloem, have not yet become functional, the epidermis alone 
serving to check loss by leakage. 

Munch (22) has suggested that lateral movement from mesopliyll to 
vascular tissue and from vascular tissue to storage tissues or secondary 
meristems takes place from living cell to living cell by way of the plasmo- 
desma. In that case, these connecting strands should be abundant in the 
parenchyma cells of the potato tuber, especially in the vicinity of the 
phloem strands. Examination of these tissues sliowed this hypothesis to be 
correct; and figures 28, 29, and 30 illustrate these structures, stained with 
gentian violet and iodine. If the plasmodesma are actually wall structures, 
as JuNGERS (16) has recently suggested, it seems strange that when the 
wall is swelled by the use of 30 per cent, sulplmric acid to double its origi¬ 
nal thickness (fig. 31), the plasmodesma should undergo no greater change 
in length than those treated with only 5 per cent, acid (fig. 32). 

Upon entering the tuber, the vascular tissue of the stnlon multiplies 
rapidly in amount and the rate of flow is materially reduced. Lateral dif¬ 
fusion from the strands diminishes this rate even more, longitudinal move¬ 
ment becoming relatively slow. 

Measurements were made on two tubers; and the resultant values, given 
in table VI, aid in the determination of these reduced rates. 
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As the area occupied by phloem in the stolon is roughly proportional to 


the weight, for these tubers it would be about 


239.5 

165 


X 0.0176, or 0.0255 cm,* 


Dividing the ai'ea occupied by phloem in the vascular bundles of the tuber 
by this value, 1.9 x 2/3 ~ 0.0255, we find that the phloem expands approxi¬ 
mately 50 times within the tuber at its maximum girth. The mean expan¬ 
sion should be about two-thirds this value; and the mean rate of flow within 
the tuber, if one considers the continual loss by diffusion, should be around 
0*285 cm. per hour. The average length of vascular bundle in these tubers 
is 5.3 cm., and the average time required by the solution to reach its final 

5.3 

location wdthin the phloem is Q"^gg) or 18.6 hours. 


In calculating the rate at which solute diffuses from the phloem to its 
final destination within the storage cells, the mean distance must be found 
by computing the radius of the circle whose area is one-half that of the total 
area of parenchyma surrounding each vascular strand. Correcting for the 
area of the bundle itself and for the increase in total area due to giwvth. 
the mean distance is 0.047 cm., and the mean rate of movement 0.0025 cm. 
per hour. 

As protoplasmic streaming is common within the parenchyma cells of 
growing potato tubers, it might possibly explain the movement of solutes 
from end to end of these cells, leaving only the thickness of walls to be 
traversed by diffusion. According to measurements, the walls occupy 
about 3.7 per cent, of the distance. Then 0.047x0.037 = 0.00174 cm., the 
distance to be traveled by diffusion. If streaming accounts for an effective 
movement of 0.018 cm. per hour, the materials w'ould move 96.3 per cent, 
of the distance in 2.5 hours; 16.1 hour.H would remain for diffusion; and 
0.00174-16.1 = 0.00011 cm., or 1.1 p per hour, the rate of diffusion. 

This rate proves to be 3.01 x 10"® cm. per second, or, through unit cross- 
sectional area, 3.13x10“® gm. per second. If the concentration decreased 
0.1 molal within the 0.047 cm., the diffusion constant would be 5.5 x 10“^^* 
for movement across the total area, or 0.11 x 10"^ for diffusion through the 
5 per cent, occupied by plasmodesma. This value is about 100 times 
smaller than that for diffusion through water, and closely approximates 
that obtained by Steward (29). 

Munch has calculated rates of movement in leaf tissues. From the 
data on potato (22, p. 87), according to his method, a rate of 6.25 [x per 
day for movement within the leaf w^as obtained. As plasmodesma in the 
leaf are confined to pits, and as acceleration by streaming would be con¬ 
fined to the parietal layer, the actual rate of movement is probably many 
times this. If it were as great as 100 times this value, it w^ould be only 
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625 ji per day, or 26 p per hour. Dividing the mean distance of diffusion, 
62.5 p, by 26, we find that 2.4 hours would be the average time consumed. 
Streaming, common again in these tissues, would carry materials 95 per 
cent, of the way in 0.3 hours; and the remaining distance, 3.125 p, divided 
by the remaining time, 2.1 hours, gives a diffusion rate through the plasmo- 
desma of 1.5 p per hour. * 

As the values obtained by these various calculations all lie within the 
realm of possibility, apparently this combination of diffusion across walls 
along plasmodesma. acceleration by streaming within living cells, and mass 
flow through vascular tissues may satisfactorily explain the conduction of 
organic nutrients in the potato. 


Discussion 

The studies made on potato and on cucurbits indicate that translocation 
by diffusion (26), protoplasmic streaming (6, 7, 8, 9), young sieve tubes 
(24), conducting parenchyma cells (11, 26), or perforations through the 
sieve plates (23, 22) can play little part in phloem exudation or in the 
rapid transport of carbohydrate into the tuber. While the mechanisms of 
the first two theories seem too slow and the second tw^o are incompatible 
with present concepts of tlie living protoplasmic structures of cells, the last, 
in spite of its classical position, fails because critical study has not demon¬ 
strated the presence of open pores in sieve plates. 

The eri’ors of the early workers are not diflScult to understand in view 
of the instruments they used. To Hartig (13), Nageli (23), von Mohl 
(21), and Sachs (26), the sieve plates undoubtedly appeared to be truly 
perforated, and the phenomenon of phloem exudation seemed to confirm 
this conclusion. One wonders, however, wdiy no one before Schmidt (27) 
pointed out the fallacy of this view, and why his work has aroused so little 
comment. 

Sachs’ concept of conducting parenchyma (26), although based almost 
entirely upon circumstantial evidence and although partially refuted by 
Heine (14), is still accepted by Haberlandt (11) and others. 

Priestley’s idea of movement by streaming through differentiating 
sieve tubes (24) seems difficult to accept because, in many leaves having 
practical!}^ no secondary tissue, translocation continues long after differen¬ 
tiation has ceased, and because, in such structures as the potato stolon, 
movement would be restricted to an insignificant fraction of the phloem. 

Although the evidence for increa.sing permeability of the sieve tube with 
maturity is only fragmentary at present, if subsequent studies, using vari¬ 
ous methods and many plants, confirm this observation, it should prove ex- 
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tremely important in gelation to rapid translocation. No other mechanism 
can so well explain the limiting cases exemplified in this study. 

Summary 

1. Because the potato is particularly favorable for translocation studies, 
the anatomy and physiology of phloem tissues in this plant have been inves¬ 
tigated. 

2. Young sieve tubes of the potato are nucleate and display the charac¬ 
teristics of normal living cells. 

3. As the sieve-tube elements mature, the nuclei and slime bodies disin¬ 
tegrate ; and the protoplasm apparently changes its organization, becoming 
more and more permeable. 

4. Slime plugs are shown to be artifacts formed by the action of killing 
agents upon the vacuolar contents; pores within the protoplasmic strands 
of the sieve plates could not be demonstrated. 

5. Phloem exudate from the potato has a low .surface tension, does not 
coagulate rapidly, and seems to emerge at a rate of flow that would account 
for normal translocation. 

6. Measurements indicate that a 10 per cent, sucrose solution would 
have to flow 19 cm. per hour through a conduit equal in transverse area to 
the total phloem to provide for tuber formation. 

7. The theories of protoplasmic streaming and pressure flow through 
phloem walls seem inadequate to explain this rate of movement. 

8. Sieve-tube lumina apparently afford the most available channels for 
this movement, the parietal protoplasm offering little resistance. Capillary 
spaces of from 0.01 to 0.06 p would allow movement across end walls under 
the available pressure. 

9. The phloem increases greatly in cross-sectional area within the potato 
tuber. The rate of flow is correspondingly reduced. 

10. Protoplasmic streaming may accelerate lateral movement across 
non-vascular tissues. 

11. Calculations indicate a rate of 1.1 p per hour for diffusion along 
plasmodesma of cross walls in the tuber. The corresponding diffusion rate 
in the leaf would be 1.5 p per hour. 

12. Diffusion along plasmodesma of cross walls and acceleration by pro¬ 
toplasmic streaming within non-vascular tissues, combined with pressure 
flow through permeable sieve tubes and phloem walls within specialized 
conducting organs, seem most satisfactorily to explain translocation in the 
potato. 

The writer feels deeply indebted to Dr. 0. F. Curtis and other mem¬ 
bers of the Department of Botany at Cornell University for their aid and 
interest in this work. He also wishes to thank those members of the Col- 
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Explanation op Plates 
PLATE II 

Pio. 1. Longitudinal section of phloem strand in young potato stolon, showing 
sieve-tube elements soon nfter division of sieve-tube mother cell; imbedded material 
stained with luiematoxylin and light green. 

Fig. 2. Slime body in short sieve-tube segment of anastomosing internal phloem 
strands of young potato stolon j same stain as for fig. 1. 

Fig. 3, Blime body in developing sieve-tube segment. Note nucleus and densely 
staining contents of companion cell; same stain as for fig. I. 

Fig, 4. Sieve-tube element in older stolon; nucleus is disintegrating, being en¬ 
larged and only lightly stained; staining like fig. L All x 750. 
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PLATE III 

Pig, 0 . Disintegrating slime body, showing gelatinous strands starting to separate. 

X1200. 

Pig. 6. Disintegrating slime body lodged against sieve plate. Pigs, 5 and 6 
stained with haoraatoxylin and light green, x 750, 

Pio. 7. Disintegrating slime body, showing tangled mass of gelatinous strands 
lying within the cell lumen, x 900. 

Pig. 8. Slime body further disintegrated. Strands have become threadlike, and 
much of the albuminous suspension has accumulated at the sieve plate. X 750. 

Pig. 9, A few remnants of the slime body may be seen in this well developed sieve 
tube. Plastids have accumulated considerable carbohydrate material. x750. 

Pig. ,10. Bemnants of the slime body adhering to the internal protoplasmic struc¬ 
ture of fully developed sieve tube. Pigs. 7~10 are fresh hand-sections with IKI and 
anilin blue. x750. 
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PLATE IV 

Fig. 11. Slime accumulations in young sieve-tube elements of potato stolon. Frag¬ 
ments of slime bodies may be seen within the accumulated masses. Haematoxylin! and 
light green. 

Fig. 12. Slime plug in a young, fully differentiated sieve tube. Parietal layer 
may be seen distinct from the slime. 

Fig. 13. Slime accumulated as a thin, compact mass of homogeneous material 
lodged closely against the sieve plate. Internal protoplasmic strands may be seen pro¬ 
jecting through the slime. 

Fig. 14, Slime accumulation in a sieve tube killed by apj>lying a mixture of 3 parts 
of absolute alcohol and 1 part glacial acetic acid to one end of the section. The mass 
is dense near sieve plate but less and less concentrated toward center of cell. Parietal 
layer is slightly contracted. 

Pig. 15. Dense slime plug in old sieve tube formed by killing with 95 per cent, 
alcohol. Parietal protoplasm is contracted and surrounds the slime. 

Fig, 16. Internal protoplasmic strands in mature sieve tube. Plastids above the 
plate. Figs. stained with aiiiliii blue and iodine. All x 750. 
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PLATE V 

Pig. 17. Internal protoplasmic strands in mature sieve tube. Under tbe micro¬ 
scope the threads could be followed directly to the strands of sieve plate. Hand section 
killed and mordanted in IKI and stained with anilin blue, x 900. 

Pig. 18, Sieve tube and spiral vessel of potato stolon. Section killed with absolute 
alcohol and acetic acid. Parietal and internal protoplasm unstained and not contracted. 
Sieve-tube lumen contents coagulated to a floceulent reticulum which completely fills tlie 
cell Dark mass at the sieve plate is composed of plastids which were out of focus. 
x750. 

PlG. 19. Another sieve tube in same section as fig. 18, showing pkistids more 
clearly. In living material these plastids are rapidly agitated by Brownian movement. 
Pigs. 18 and 19 stained with anilin blue and iodine, x 750. 

Pig. 20, Definitive callus on sieve plate stained with anilin blue, x 750. 
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PLATE VI 

Pio» 21. Longitudinal Heelion of potato stolon, showing sieve tube, companion cells, 
and phloem parenchyma in living condition after having accumulated neutral red for a 
short period of time, x 325. 

Pig. 22. Same section after application of a hypertonic sucrose solution under the 
cover slip. Sieve tube in center of picture remains unchanged, ivhile companion cells 
and phloem parenchyma are severely plasmoiyzed. x 325. 

Pigs. 23, 24. Sieve i»lato of potato stolon stained with iodine end anilin blue as 
viewed through a water immersion lens. With the focus high (fig. 23), the protoplasmic 
strands and surrounding callus cylinders appear as black spots. If the focus is slightly 
lower, the dark spots give way to small bright spots (fig. 24) which are considerably 
brighter than the unoccupied field of the microscope. X900. 
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PLATE VII 

Pig. 25. Young sieve plate, showing crater-like ends of callus cylinders which sur¬ 
round the protoplasmic strands. Stained with iodine and dilute anilin blue, x 800. 

Pig. 26. Cup-shaped sieve plate, showing the narrow protoplasmic strands. Callus 
cylinders cannot be seen in this photograph because of lack of color differentiation; in 
the original section they could be seen, x 850. 

Pig. 27. Transverse section showing sieve plate. Protoplasmic strands surrounded 
by callus cylinders. The sections in figs. 26 and 27 were stained with a strong solution 
of anilin blue after being mordanted in a very dilute iodine solution. Protoplasmic 
strands show black, and callus cylinders blue. A yellow filter was used in taking this 
photograph, x 850. 

Pigs. 28, 29. Plasinodesma in potato tuber tissue, x 325. 

Pig. 30, Plasmodesma of pits, more highly magnified. x950. 

Pigs. 31, 32. Thick walls of pith parenchyma of potato, showing plasmodesma in 
longitudinal view. Pigs. 28-32 mordanted in iodine and stained with gentian violet in 
5 per cent, sulphuric acid. 
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PLASTID STUDIES IN GENETIC TYPES OP MAIZE; 
ARGENTIA CHLOROPHYLL 

WiiiLiAu: H. Etbteki 

(with twelve figures) 

The argentia chlorophyll pattern in maize has played an important part 
in the genetic studies of the writer since its discovery in 1918. Although a 
description of this chlorophyll character has already been published (1), 
it seems desirable, in view of the more recent but erroneous description of 
ZiRKLE (4), to point out again its principal characteristics. Argentia is 
a chlorophyll pattern which gives to the leaves a silvery appearance. 

Argentia seedlings vary from pure albino to almost normal green in 
the stage when the first leaf emerges from the coleoptile, as may be seen 
from the illustration in figure 1. Chlorophyll development begins at the 



Pig. 1. Maize seedlings showing argentia chloropbrll. 


tips and bases of the leaves and extends longitudinally through the leaf, 
proceeding most rapidly along the vascular bundles. Consequently, the 
more or less albinotic leaf becomes transformed into an argentia leaf with 
green veins and colorless interveinal spaces. 

Frequently in the late seedling or early plant stage, the argentia pattern 
disapi)earH more or less completely, so that argentia plants cannot easily 

1 Fellow of the John Simon Guggenheim Memorial Foundation 1927-1928, Contri* 
butions from the Botanical Laboratory of Bucknell University, paper no. 5. Read before 
the American Society of Plant Physiologists at Cleveland, Ohio, December, 1930, 
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be distixiguished from their normal green sibs. The pattern reappears as 
the plant approaches maturity, and may vary from a slight trace which is 
discernible only on the ventral side of the leaf tip to a full expression 
which extends throughout the entire-leaf. A segment of a mature argentia 
leaf in comparison with a similar segment of a normal green leaf is illus¬ 
trated in the description previously published {loc. cit.). 

The nature of the argentia chlorophyll pattern in terms of chloroplastids 
may be seen from the leaf cross-section shown in figure 2. The chloro- 



Fig. 2. Cross-section of a part of a leaf of an argentia plant with chlorophyll- 
bearing cells limited largely to the cells adjacent to the vascular bundles. 

plastids in the cells adjacent to the conducting cells of the primary veins 
are of normal size (7 p to 9 p in longest diameter) and apparently contain 
a full complement of the chloroplastid pigments. Occasional cells adjacent 
to the conducting cells of the secondary veins also have plastids which ap¬ 
pear to be normal in size and pigment content. The great majority of the 
cells between the principal veins, however, contain plastids which are less 
than 3 p in diameter, and contain only traces of the chloroplastid pigments. 

Argentia chlorophyll pattern as affected by environmental factors 

The argentia pattern is highly variable in its expression under different 
environmental factors, and is especially sensitive to changes in temperature. 

The relation between the development of the chloroplastids in argentia 
and temperature was clearly demonstrated for the first time in a greenhouse 
planting which extended across a steam trench. The soil directly over the 
steam trench was quite warm and the homozygous argentia seedlings grow¬ 
ing in it were normal green in appearance, while individuals of the same 
progeny and of the same genetic constitution growing on either side of the 
trench had the argentia pattern clearly expressed. To check this observa¬ 
tion, argentia seedlings of the same genetic constitution were grown under 
temperatures ranging from 10 to 40° C. Under the lowest temperatures, 
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the seedlings varied from white to cream in color as a result of the almost 
complete inhibition of chlorophyll development; in temperatures from 15 
to 22® C., the argentia pattern was clearly expressed; while in temperatures 
over 25® C., the seedlings varied from some which had the pattern indis¬ 
tinctly expressed to others which were normal green in appearance. To 
facilitate the identification of the argentia plants in the genetic studies of 
maize in which this character is involved, the practice is to keep the green¬ 
house warm until the seedlings begin to appear through the soil and then to 
reduce the temperature to that of a semi-cold house. 

Under average field conditions, the argentia pattern generally is distinct 
on the first three or four leaves. The following leaves are usually normal 
green and the pattern gradually disappears from the first leaves owing to 
the ultimate development of the chloroplastid pigments in the cells of the 
interveinal regions, so that the argentia plants can be recognized with dif¬ 
ficulty or not at all in the late seedling or early plant stage. Unless the 
temperature continues abnormally high, the pattern is again expressed 
more or less clearly in the leaves between the earshoot and the tassel. The 
pattern is often distinct at the tip when it cannot be recognized in the 
other parts of the leaf. 

A study was made also of the possible effect of light upon the expression 
of file argentia pattern. Light was found to affect argentia plants in the 
same manner as it affects green plants. When suflScient light for chlorophyll 
development is present, the seedlings vary in pattern according to the 
temperature in which they are growing. When a given temperature is 
maintained, the pattern cannot be changed markedly by varying the in¬ 
tensity of the light. 

Plastid development and the argentia pattern 

Under average or somewhat lower than average temperatures, the first 
leaves of argentia plants are practically colorless when they are first exserted 
from the coleoptile. Soon, however, the development of the chloroplastid 
pigments sets in, beginning at the tip and base of the leaf, and gradually 
the leaf assumes the argentia pattern, and may finally become uniformly 
green. In order to determine the nature of these changes, cross-sections 
of leaves in various stages of development were studied. In the young, 
colorless leaves, the plastids are small and lack pigments. Chloroplastid 
development proceeds more rapidly in the cells adjacent to the conductive 
cells of the vascular bundles than in the other cells of the leaf, and most 
rapidly in the cells adjacent to the conductive cells of the midrib. 

Visible plastids are first apparent in the cells adjacent to the vascular 
cells which make up the midrib of the leaf, as shown in figure 3. The 
plastid pigments are first discernible when the plastids are from 2 jj to 3 p 
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Fia. 3. CroBS-scetion of tlie midrib showing the first-forniod chloroplnstids in the 

leaf. 



Pig. 4. Cross-section of the midrib and an adjacent vascular bundle showing a 
later stage in the development of the chloroplastids. 

in longest dimension. Plastids become apparent next in the cells adjacent 
to the conductive cells of the principal vascular bundles on each side of the 
midrib. The plastids of the cells which ensheath the vascular bundles 
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have developed sufficient amounts of the chloroplastid pigments to appear 
green while the plastids in the cells between the bundles are still small and 
colorless, thus giving to the leaf the argentia pattern, which consists in the 
longitudinal extension of green veins through an otherwise white or cream> 
colored leaf blade, A somewhat later stage in the development of the 
chloroplastids in the region of the midrib of the leaf is shown in figure 4. 
The plastids in the principal and secondary veins are approaching mature 
size and have enough chlorophyll to appear green while the plastids in the 
cells between the veins are small and the pigments are just beginning to 
appear. 



Fig. 5. Section of leaf showing a principal vascular bundle surrounded with 
chlorophyll-bearing cells while the plastids are just beginning to develop pigments in 
the cells around the secondary vascular bundle. 



Fig. 6. Cross-section of a part of a leaf with pigments well developed in the cells 
around the vascular bundles, while the cells in the interveinal regions are beginning to 
develop the plastid pigments. 
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Plastid development proceeds more rapidly at the tip than at the base 
of the leaf. A cross-section of a leaf tip, which is beginning to show the 
argentia pattern, is illustrated in figure 5. The plastids of the cells adjacent 
to the conductive cells of the vascular bundles hardly reach mature size and 
full pigment content before the plastids of the cells in the interveinal regions 
become pigmented as is indicated in the drawing in figure €. Soon the 
plastids of the cells of the interveinal regions attain normal size and pigment 
content, and the leaf tip becomes uniformly green. A cross-section of a 
green leaf tip of an argentia leaf is shown in figure 7. This progressive 
development of the plastids continues until the entire leaf becomes green. 



Fig. 7. Cross-section of a leaf tip of an arfjentia plant which has become uniformly 
green. 

Inheritance of the argentia chlorophyll pattern 

The argentia chlorophyll pattern is inherited as a simple Mendelian re¬ 
cessive character, and is the expression of a gene in the C-Sh-Wx chromo¬ 
some as shown in a previous publication {loc. cit.). Back-cross progenies, 
including 12,986 individuals, showed a linkage between shrunken endosperm 
and the argentia chlorophyll pattern with 26.03 per cent, crossing over. 

More recently, linkage tests have been made between argentia chloro¬ 
phyll and waxy endosperm, with Hie results shown in table I. plants of 

ct'f* 

the constitution -j— were back-crossed to double recessives. The 

tvx Ar 

progenies from these back-crosses included 2631 plants, and, of these, 286 
had the characters in question in new combinations as a result of crossing 
over. These results indicate a linkage between waxy endosperm and 
argentia with 10.87 per cent, crossing over. 

(LI* 

Fi progenies from the back-cross —- - X are listed in table 11. 
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TABLE I 

Wx ar v)x ar 

r, PROGENIES PROM THE BACK-CROSS X 


Pediorbe 

WxAr 

Wxar 

wxAr 

wxar 

Total 

9379-65 . 

21 

166 

142 

19 

348 

-68 . 

28 

128 

. 210 

33 

467 

-74 . 

20 

144 

210 

11 

385 

-75 . 

36 

! 242 

255 

25 1 

1 558 

-79 .. 

38 

218 

235 

! 20 

611 

—86. 

25 

166 

161 j 

10 

362 

Total . 

168 

1132 

1213 

118 

2631 


These progenies, which involve wx and ar in the coupling phase, show a 
linkage between argentia and waxy endosperm with 10.75 per cent, cross¬ 
ing over. Of the 4075 plants observed, 438 plants had these characters in 
new combinations as a result of crossing over. 

The locus of wx, according to Kyster (1), is at 45.06. The average 
cross-over value between wx and ar, as determined from the data in tables 
I and II, is 10.81. This value may be taken as the map distance between 
wx and ar in the chromosome. Since the cross-over value between sh and ar 
is greater than that between sh and tvx, it follows that the locus of ar is on 
the opposite side of wx from sh. Accordingly, the locus of ar, as measured 
from wx, is at 55.78. (See fig. 8.) 

TABLE II 

WxAr wxar 

r, PROGENIES PROM THE BACK-CROSS — X 


Pedigree 

Wx Ar 

Wxar 

wx Ar 

wx ar 

Total 

10754-79 X 10769 

-55 

249 

34 

37 

257 

577 

-23 X 

- 2 

297 

32 

35 

343 

707 

‘' -39 X ‘ * 

-13 

313 

32 

30 

271 

646 

< < -54 X *‘ 

-25 

280 

44 

43 

260 

627 

<4 -45 X ^ ‘ 

-4 

288 

28 

25 

252 

593 

'‘ -81 X «‘ 

-52 . 

153 

17 

21 

136 

327 

-20x 

— 2 

285 

31 

29 

253 

i 

598 

Total. 

1865 

218 

220 

1772 

4075 


Chloroplastid pigments in the argentia plants 

Analyses of the chloroplastid pigments in argentia leaves were made 
after the methods of Willstattee and Stoll (2, 3) with modifications and 
adaptations as described elsewhere by the writer (in manuscript). 













112 


I'LANT PHTSIOIjOGY 



20.00 

23.03 


46.06 


66.87 


Fig. 8. Chromosome map of a section of the C-Sh-Wx chromoHome to sho\i the 
locus of the Ar ^ene. 


TABLE III 

Total chlobophyll in green and abgentia planth 



1 

i Chlorophyll 


Total chlorophyll 


TYPE 

X IVIhEM'l W F 4 LMXI X 

Total 

Per gram 

7a . 

Green 

gm, 

6.430 

mg, 

9.0695 1 

mg, 

1.410 

8a . 

Green 

7.645 

9.1630 

' 1.200 

9b . 

Argentia 

12.570 

9.2395 

0.735 

10b . 

Argentia 

10.300 

7.0125 

0.681 

11b . 

Argentia 

6.100 

7.0452 

1.160 

12b .. 

Argentia 

13.230 

13.8386 

1.046 
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Determinations of total chlorophyll were made from extracts of fresh 
leaf tissue of (1) argentia seedlings, and (2) green plants of the same 
pedigrees. The results of these determinations are given in table III. The 
green plants contained from 1.20 to 1.41 mg. of chlorophyll per gram of 
leaf tissue, while the argentia plants contained from 0.681 to 1.16 mg. per 
gram of leaf tissues. This variation in the total chlorophyll content was 
due apparently to the differences in temperature under which the seedlings 
were grown and to differences in the age of seedlings when analyzed. The 
chlorophyll content of the green plants was, on the average, 1.441 times as 
much as that of the argentia plants. The rather wide variation in chloro¬ 
phyll content of the argentia plants was to be expected because of the 
variability in the expression of the argentia pattern. 

Analyses w^ere also made of dry leaf pow^der of (1) argentia plants and 
(2) green plants of the same genetic strain. (See table IV.) The total 

TABLE IV 

Total chlorophyll in grekn rs . argentia plants 


Experiment 

1 

1 Chlorophyll 

Pedigree 

Dry weight 

Total cuLOROPiiYiiL 

L . 

TYPE 

Total 

Per gram 

]a 

i 

1 

Green 

10295 

gm , 

2.331 

mg, 

j 13.1791 

mg. 

5.6538 

lb 

Argentia 

t i 

2.214 

10.4090 

4.7014 

2tt 

Green 

( t 

1.982 

9.1133 

1 4.i;980 

3a 

Green 

30299 

1.548 

30.4877 

i 6.7750 

3b 

Argentia 

< < 

i 1.976 

7.6157 

j 3.8541 

4a 

Green 

i i 

1.548 

10.9512 

; 7.0744 

5a : 

Green 

« i 

1 2.191 

8.1639 

j 3.7261 

5b i 

Argentia 

i < 

j 1.822 

8.7473 

i 

j 4.8009 


chlorophyll content of the green plants varied from 3.7261 to 7,0744 mg. 
})er gram of dry leaf pow^der, while that of the argentia plants varied from 
3.8541 to 4.8009 mg. per gram of leaf poAvder. A summary comparison of 
these results indicates that the green plants had, on the average, 1.392 
times as much chlorophyll as the argentia idants. 

Studies were also made of the individual plastid pigments of green and 
argentia plants belonging to the same genetic strain. The individual pig¬ 
ments occur in the green as well as in the argentia plants in the general 
proportions as established by WiiiLSTATTEii and his coworkers, as may be 
seen from the results tabulated in table V. Since the chloroplastids of the 
argentia plants apparently have the pigments in the same proportions as 
the green plants, it follow\s that the gene ar inhibits the development of all 
pigments alike. The relation of chlorophyll a to chlorophyll h, which may 
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TABLE V 

Individual plastid pigments in green and argentia plants, with and without 

ENDOSPERM 


Exp. 

Endosperm 

Dry 

WEIGHT 
PER 100 
grams 
fresh 

WEIGHT 

Pigment per gram dry leaf tissue 

Chlorophyll 

Carotin 

Xantho- 

PHYLL 

a 

b 



gm . 

mg » 

mg . 

mg . 

mg . 

At 

Present 

8.14 

10.8130 

2.5671 

0.07975 

0.12083 

ar . 

11 

8.16 

8.4891 

2.6626 

0.14898 

0.22199 

Ar . 

Bemoved 

8.20 

7.7636 

2.4158 

0.16740 

0.26214 

ar 

i i 

8.22 

8.2689 

2.9579 

0.14740 

0.22677 


be expressed as Q a/b, w’as found to be 4.21 in the green plants and 3.19 
in the argentia plants. This ratio was greatly reduced in plants from which 
the endosperm had been removed as soon as the first leaf was exserted 
from the coleoptile. In green plants treated in this manner, the Q a/b 
was 3.214 while that of argentia plants similarly treated was 2.80. These 
results would seem to indicate that removing the carbohydrates which are 
normally available in the endosperm produced a lower value of Q a/b by 
decreasing the rate of development of chlorophyll a. 

The relation of carotin to xanthophyll, expressed by Q c/x, was found 
to be 0.66 in the green plants and 0.67 in the argentia plants. In plants 
from which the endosperm had been removed when the first leaf was ex¬ 
serted from the coleoptile, the value of Q c/x for green plants was 0.64 and 
for argentia plants was 0.65. Prom these comparisons it is concluded that 
the removal of the endosperm had no effect upon the rate of development 
of carotin and xanthophyll. 

Chloroplastid pigments and carbon assimilation 

A preliminary study of the photosynthetic efficiency of the argentia 
plants in relation to that of the green plants of the same genetic strain was 
made by comparing their dry weights. The entire plants were dried in a 
vacuum desiccator and weighed on a sensitive balance. 

The dry weight of young seedlings, based upon a large number of indi¬ 
viduals, was determined to be 8.14 per cent, of the fresh weight in green 
plants, and 8.16 per cent, of the fresh weight in argentia plants. When 
plants are in the four-leaf stage, the mean dry weight is 6.97 per cent, of 
the fresh weight in green plants and 6.10 per cent, of the fresh weight in 
argentia plants. The mean dry weight in pedigree 10335 was 93.5 mg. 
for green plants and 80.3 mg. for argentia plants. 
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Some of the plants of pedigree 10337 were dried and weighed at the 
stage in development when the food reserve in the endosperm had just 
been exhausted. The mean dry weight of the green plants was 82.253 mg. 
and that of the argentia plants was 76.840 mg. The remainder of the 
plants were grown until the fourth leaf was full developed, when they were 
cut off at the level of the ground, dried, and weighed. The mean weight 
of these older plants w^as 140 mg. for the green and 74.75 mg. for the 
argentia plants. 

A summary comparison of these dry weights shows the green plants to 
be 1.3684 times as heavy as the argentia plants. This weight relationship 
between green and argentia plants is in close agreement with the relation 
in total chlorophyll content, which was found to be 1.441 as much in green 
plants as in argentia plants in extracts from fresh leaf tissue and 1.392 
times as much in green as in argentia plants in extracts from dried leaf 
powder. 

Removal of endosperm and dry weights in green and argentia seedlings 

In order to study more closely the relation between chlorophyll content 
of green and argentia seedlings and increases in dry weight, the endosperm 
was removed from the seedlings of alternate row^s in the seed bed at the 
stage in development when the first leaf was newly exserted from the 
coleoptile. The seedlings were then kept under conditions favorable for 
growth until the endosperm in the seedlings from which it had not been 
removed had been completely digested and absorbed by the growing plants. 
The young plants wore then cut off at the level of the ground, dried in a 
vacuum desiccator, and w^eighed individually on a sensitive balance. The 
results of these w'eighings are given in table VI, and are compared 
graphically in figures 9 and 12. 

The mean weight of 162 green seedlings was 68.40 it 1.63 mg. while 
the mean weight of 209 argentia seedlings of the same genetic strain was 
59.96 it 1.08 mg. This difference of 12.44 ± 1.96 mg. presumably w^as 
due to the higher chlorophyll content of the green plants. The weight co- 
eflScient of Ar/ar is 1.22, and is in close agreement with the total chlorophyD 
coefficient of Ar/ar, w^hich was found to be 1.20. This comparison is shown 
by the curves in figure 9. 

The mean weight of 190 green seedlings from which the endosperm 
had been removed was 61.05 it 1.65 mg., w^hile the mean weight of 162 
green seedlings from which the endosperm had not been removed was 
68.40 ± 1.63. This is a difference of 7.35 it 2.314 mg., and is doubtless 
due to the greater chlorophyll content of the seedlings from which the 
endosperm had not been removed. This comparison is indicated graphically 
in figure 10. 
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Dry weight in milligrams 

Pig. 9. Variation in dry weight of green and argentia seedlings of the same genetic 
strain. 


A comparison was also made between green and argentia plants from 
wlueb the endosperm had been removed as already described. The mean 
weight of 190 green plants was 61.05 dz 1.65 mg., while that of 186 argentia 
plants WHS 55.27 ±: 1.27 mg. This dilference in the mean weight of green 
and argentia plants is less than three times the probable error of the dif¬ 
ference, Since the argentia plants have fewer pigmented plastids than the 
green plants, these results would seem to show that the chloroplastids of 
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the argentia plants have a greater photosynthetic efiSciency than those of 
the green plants from which the endosperm had been removed in the early 
seedling stage. Although chlorophyll determinations were not made for 
seedlings from which the endosperm had been removed, it is probable that 
chlorophyll development is retarded somewhat in the green plants thus 
treated. A graphic representation of the dry weights of green and argentia 
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plants respectively from whicli the endosperm had been removed is given 
in figure 11. 

The argentia plants from which the endosperm had been removed in¬ 
creased in dry weight as rapidly as those which possessed endosperm, as 
shown graphically in figure 12. The mean weight of 209 plants which had 
an endosperm was 55.96 ±1.08 mg., while the mean weight of 186 argentina 



Dry weight in milligrams 

Pig. 11. Comparison in dry weight of green and argentia plants from which endo¬ 
sperm had been remoyed. 
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5 15 25 35 45 55 65 75 85 85 105 115 125 135 145 

Dry iveight in milligranis 

Pio. 12. Comparison in dry weight of argentia seedlings with endosperm and 
argentia plants from which the endosperm had been removed in early seedling stage. 

plants from wliich the endosperm had been removed was 55.27 ± 1.27 mg. 
This is a difference of only 0.69 ±: 1.67 mg. This result was to be expected, 
since the argentia plants which lacked endosperm contained as much chloro¬ 
phyll as those which possessed an endosperm. Why chlorophyll development 
is not influenced by the removal of the endosperm in the argentia plants, 





EYSTER: PLASTID STUDIES IN MAIZE 


121 


but is greatly reduced in the green plants when the endosperm is removed 
in the early stage has not been determined. 

Summary 

1. The expression of the argentia chlorophyll pattern is influenced by 
temperature. 

2. The argentia chlorophyll pattern is the result of the more rapid devel¬ 
opment of the ehloroplastids in the cells which are adjacent to the vascular 
bundles. The plastids in the other cells of the leaf mesophyll develop pig¬ 
ments tardily or not at all. 

3. The argentia chlorophyll pattern is inherited as a simple Mendelian 
recessive character. It is the expression of a gene which has its locus in the 
C-Sh-Wx chromosome at 10.81 cross-over units to the right of the locus of 
Wx. The order of the genes in this chromosome is C-Sh-Wx-Ar, as illus¬ 
trated in figure 8. 

4. Argentia seedlings have less total chlorophyll than green plants of the 
same genetic constitution. 

5. The chloroplastid pigments occur in argentia plants in the same pro- 
])ortions as in the green plants. 

6. Chlorophyll content is greatly reduced in green plants by the removal 
of the endosperm at the stage in development when the first leaf is exserted 
from the coleoptile. 

7. Chlorophyll content in the argentia plants is not affected by the re¬ 
moval of the endosperm. 

BrOKNELL Univbesity 
Lewisbubg, Pa. 
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EFFECT OF SEVERAL ENVIRONMENTAL FACTORS 
ON THE HARDENING OP PLANTS* 

8. T. Dbxtee’ 

(with five figures) 

In several papers (1-3), Dexter, Tottinguam, and Graber have out¬ 
lined a method for determining the injury which plants suffer as a result 
of freezing. This method involves the determination of the exosmosis of 
mineral matter from the injured tissues, by measurement of the electrical 
conductivity of the water in which they have been immersed. Since the 
method is very sensitive to changes in the hardiness of plants, it appeared 
that the influence of various environmental conditions on hardening could 
be readily studied. This paper deals with the influence on hardening of 
light of different day-lengths, and of darkness. The influence of light with 
and without carbon dioxide {i.e., with and without photosynthesis) was 
also studied. Several constant temperatures were used, and various com¬ 
binations of alternating temperatures, both with and without carbon dioxide. 
Alfalfa, wheat, cabbage, and tomato plants were used for experimental 
material. 

Experiment i 

On August 25, pots of alfalfa plants of an especially uniform Turkestan 
strain were transferred from the greenhouse to a large cold room. These 
plants were grown from seed sown in May, and furnished by Professor 
L. F. Graber, of the University of Wisconsin. The pots were one-quart 
ice cream cartons, paraffined thoroughly. There were generally five plants 
in each. The plants had never been defoliated. For this experiment, 
plants under four conditions during hardening were studied: (1) The tops 
were removed from the plants, and the pots were kept at 0° C. in darkness. 
(2) The tops were not removed, but the plants were kept in darkness at 
0® C. (3) The tops were not removed, and the plants were illuminated 
for seven hours each day, in a gradually changing temperature which 
reached a maximum of about 10° C. after four hours of illumination; when 
the lights went off, the temperature gradually fell to 0° C. Two 1000-watt 
lamps were used, giving an intensity at the pots of from 900 to 1200 foot- 
candles, according to the Macbeth illuminometer. Thermograph records 
were kept. (4) The tops were not removed, but the plants were kept at 
0® C. both during illumination and while in the dark. The illumination 
period was for seven hours, with a slightly greater intensity than in (3). 

Contribution from the Hull Botanical Laboratory. 

* National Besearch Council fellow in the Biological Sciences. 
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The temperature at the pots always rose a degree or two when the lights 
went on, in spite of very thorough stirring of the air with an oscillating 
12-inch electric fan. 

Each sample tested consisted of the roots of the plants from two pots, 
trimmed to weigh 5 grams when clean and dried of surplus surface water. 
The plants were very uniform. The samples were placed in lx 8-inch 
pyrex test-tubes and frozen iii an alcohol-ice slush bath at - 7® C. for four 
hours. They were thawed by immersion of the tubes in a water-bath at 
2° C. for one hour. After thawing, 25 ec. of distilled water at 2° C. were 
added to each tube in turn. Exosmosis was permitted to continue for 20 
hours at 2® C., when the liquid was drawn off and the electrical conductivity 
determined at that temperature. Table I shows the results of these deter¬ 
minations after various periods of hardening treatment. 

TABLE I 

SpECIWC conductivities (X 10*, 2° C.) EXPRESSED IN BECIPBOCAL OHMS OP EXTRACTS OP 
ALFALPA BOOTS PBOZEN FOB POUR HOURS AT - 7“ C. INTERVAU OP 
20 HOURS ALLOWED P<» EXOSMOSIS AT 2° C. 


Treatment and condition 

Days op hardening treatment 

0 

4 

7 

14 

28 

42 

1. Tops removed, dark, 0° C. 

7i55 

845 

840 

502 

551 

515 

2. Tops not removed, dark, 0° C. 

755 

894 

817 

478 

509 

537 

3. Tops not removed, 7 hours* 
light, alternating tempera' 
ture . 

755 

799 

573 

472 

389 

408 

4. Tops not removed, 7 hours* 
light, constant tempera¬ 
ture . 

755 

1 

1 

! 662 

577 

1 

1 

1 

468 j 

1 1 

i 

346 1 

341 


Figure 1 shows these results in graphic form. It would appear that the 
four conditions divide roughly into two classes. The plants in the dark 
hardened much the same, whether with or without tops; those in the light 
hardened finally much the same, whether with constant or alternating tem¬ 
perature. At the end of 10 days, since the division into two groups was 
then becoming evident, two pots were transferred from condition no. 4 into 
a constant temperature (0° C.) in the dark, with tops removed. At the 
end of the experiment, these roots gave a conductivity reading of 551, as 
against 341 for those continuing in the light. This indicated clearly that 
hardening had not continued in the dark chamber, although it was well 
started in the light. Another pair of pots was transferred from condition 
no. 1 and from condition 2 into the dark but with the alternating tempera- 
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Fio. 1. Curves presenting data of table I in graphic form. The plants in treat¬ 
ment 4 (continuous cold, with light) hardened the most rapidly and the most completely; 
those in treatment 3 (alternating temperatures, with light) hardened almost as much. 
Plants in treatments 1 and 2 (in the dark) hardened much less than those in treatments 
3 and 4. 

ture of condition 3. They gave an average conductivity value of 517 at 
the end of 42 days. Thus hardening w^as not notably more efficient with 
the alternating temperatures in the dark than with the constant temperature 
in the dark. 

On the last date, after 42 days of hardening treatment, the samples were 
80 prepared that buds were left at the crown, in order that recovery in 
the greenhouse could be noted after freezing and exosmosis. Recoveiy of 
the plants showed that the treatments could be readily distinguished. 
Plants receiving light during hardening made much greater growth and 
fewer plants died. 

Repetitions of experiment 

Experiment 1 was twice repeated, with variations. In each case alfalfa 
plants in darkness hardened less completely than tho.se in the light. Various 
day-lengths were used in the hardening chamber at 0® C. and at 10® C. 
The samples in these experiments were far from uniform, and definite con¬ 
clusions could not be drawn. In general, hardening was favored by a long 
period of illumination, if the plants were kept continuously in the cold. 
In the case of alternating temperatures during hardening treatment, hard¬ 
ening w^as retarded by the long day at higher temperatures (Peltier and 
Tysdal 6), and elongation of stems was favored. Under this treatment, 
elongation of stems was especially evident if the plants had been given a 
short day (7 or 8 hours) previous to such hardening treatment. Figure 2 
show^s the change that occurred in previously short-day alfalfa plants during 
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Pio. 2. Condition of alfalfa plants, grown for several months in the greenhouse 
■with a 7 or 8-hour day and then transferred to hardening rooms. The pot on the left 
received 14 hours of light each day at 0® C., and was kept in the cold continuously; the 
pot on the right received 14 hours of light each day at a room temperature of about 
22® C, The first pot made no evident grow'th, while the second grew several inches in 
21 days. The first treatment gives good hardening, while the second treatment stimulates 
top growth and almost prevents hardening. 

a treatment in wliieli tliey were given 14 hours of illumination at 22° C. 
for 21 days, with 10 hours of each day in the dark at 0° C. While such 
plants continuously in the cold room (0° C.), with 14 hours of illumination, 
hardened from a specific conductivity of 889 at the start to 559 at the end 
of 21 days, similar plants receiving equal light in the warm room hardened 
to only 751. The same general relation was found in the case of plants 
which received light for about 14 hours each day previous to hardening. 
These plants hardened from 797 to 497 when kept continuously in the cold 
room with 14 hours of light, while similar plants receiving 14 hours of light 
in a room at 22° C., and 10 hours in the dark at 0° C. each day, hardened 
to only 652. The short-day plants shown had received 7 or 8 hours of 
daylight in the greenhouse each day for several months previous to harden¬ 
ing treatment; the long-day plants had received 14 or 15 hours of illumina¬ 
tion each day for the same period. 

In no case did alfalfa plants harden as completely in the dark as in the 
light. Alternating temperatures were no more effective than continuous 
ones in any case studied. If the illumination tended to favor much exten¬ 
sion of parts, hardening was retarded or prevented. Hardening was more 
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thorough at 0® C. than at 10® C. Although these plants were in general 
very well stored with starch and other reserve foods, as shown by micro- 
inspection, hardening was always more complete in the light, when photo¬ 
synthesis could furnish a continually replenished supply of carbohydrates 
for the processes of the plants. 

Experiment 2 

In this experiment, Minhardi winter wheat was growm in perforated 
soil-temperature cans (6 x 9-inch cylinders) in soil which was thoroughly 
sifted and mixed. The seed Avas sown on November 25, the plants were 
thinned to 15 plants per can, and, from the first, were exposed to two day- 
lengths in the greenhouse, at about 62® F. One set received ordinary day¬ 
light (reinforced with Mazda lamps on especially dark days) for 8 hours 
each day; the other set received the full day-length, with lights (four 200- 
watt, about 2 feet away) extending the illumination period until 10 p. m., 
which gave approximately a 14-hour day. At an age of six weeks, the 
short-day plants were much smaller and somewhat greener than the long- 
day plants. Fifteen short-day plants weighed, entire, 3.78 grams; 15 long- 
day plants, 7.0 grams. The short-day plants (leaves) had a percentage 
dry matter of 14.0; the long day, 13.0. The percentage ash (wet-weight 
basis) w’as slightly higher in the short-day plants than in the long-day 
plants, 2.22 as against 1.96. The electrical conductmty of the ash solution, 
after converting the basic oxides to carbonates and made to volume on a 
wet-weight basis, Avas about 2 per cent, higher in the short-day plants. 

These plants were taken to the hardening chamber on January 6 (six 
Aveeks old), where several pots from each set (long- and short-day) were 
put to harden in tlie folloAA’ing Avays: (1) in the dark; (2) with 7 hours of 
light each day; (3) Avith 15 hours of light each day. All AAere at 0® C. 
Tavo 1000-w^att lamps furnished the light, as in the preceding experiment. 
Precaution w^as taken to aA'oid injury to the plants by lowering the tem¬ 
perature of the room gradually, taking about 6 or 7 hours. Very little 
wilting was noted. The samples were prepared by remoAring the roots and 
leaf blades, and washing and drying the remaining crowns. Duplicate 
samples weighed 0.9 gram each; they Avere frozen for 2 hours at -10® C. 
in an alcohol-slush bath and thawed for 30 minutes in the Avater-bath at 
2® C. Fifteen ec. of distilled water (2® C.) was then added to each tube. 
Exosmosis went on for 16 hours at 2® C., Avhen condiictiAuty measurements 
were made. Table II shows the conductivity values obtained in this experi¬ 
ment after the durations of hardening treatment indicated. 

Table II shows consistent results throughout. The plants, w^hether long¬ 
er short-day in the greenhouse, hardened little if at all in the dark; they 
hardened materially in 7 hours of light, and still more Avhen given 15 hours 
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TABLE II 

Specific conductivities (x 10*, 2® C.) expressed in reciprocal ohms op extracts of 
CROWNS of winter WHEAT FROZEN FOR TWO HOURS AT -10® 0. 

Interval of 16 hours allowed for exosmosis at 2° C. 


Day'LENGTH 
in greenhouse 

Hours of light 

IN HARDENING 
ROOM 

Days of hardening treatment 

0 

3 

7 

21 



■ 0 

382 

393 

384 

386 

Short . . 


7 

382 

262 

222 

113 



14 

382 

218 

174 

89 

1 


0 

447 

446 

431 

387 

Long 

1 


7 

447 

315 ' 

317 

171 

! 

1 

1 

14 i 

^ j 

447 

307 j 

224 

138 


of light eacli day. In the dark, the short-day plants hardened not at all; 
the long-day plants hardened very slowly, but perceptibly. 

Since it was clear at the end of the first week that but little hardening 
was going on in the plants in the dark, it seemed desirable to determine the 
result when plants were given light, but not carbon dioxide. Two pots 
were taken from the long-day (greenhouse) set which had been hardening 
in the dark for 10 days. One pot was put under a bell-jar which was sealed 
with sodium hydroxide solution on the bottom; free access to air was pro¬ 
vided through a soda-lime tube at the top. Paper soaked in sodium hydrox¬ 
ide solution was stuck to a portion of the side wall of the bell-jar to take 
up any carbon dioxide set free in respiration. The other pot was similarly 
covered with a bell-jar which was sealed with water at the bottom. To this 
latter jar a carbon dioxide generator was connected each morning. Phos¬ 
phoric acid was placed in the generator flask, and 100 cc. of M/50 sodium 
carbonate were allowed to flow^ slowdy, through a capillary tube, into the 
acid. This slowly set free the carbon dioxide for a period of about three 
hours, it flowing through the deliveiy tube into the bell-jar. In this way, 
between 40 and 50 cc. of carbon dioxide gas w^ere supplied to the pot each 
day. The bell-jars were placed side by side at 0° C., and were illuminated 
for 15 hours each day. This hardening period lasted for 12 days, when 
samples were prepared and treated as usual. Table III shows the results 
of determinations of electrical conductivity with duplicate samples fmm 
three pots, of wdiich one was in the dark during this period, the second in 
the light without carbon dioxide, and the third in the light with carbon 
dioxide. 
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TABLE III 

Specific ooNDUonvmES (x 10*, 2® C.) expressed in beoipeocal ohms of extracts of 

CROWNS OF WINTER WHEAT FROZEN FOR TWO HOURS AT -10® C. 

Interval of 16 hours allowed for exoshosis at 2® C. 


Condition during hardening 

No illumination^ 0® C.. 

Illuminated 15 hours each day, 0° C., no COj ... 


Specific conductivitt 
887 
394 


Illuminated 15 hours each day, 0® C., given CO. 


222 


The figures in table III show that hardening proceeded almost identi¬ 
cally in the cases of plants in the dark and those illuminated, but without 
carbon dioxide in the surrounding atmosphere. The plants which received 
carbon dioxide hardened in the usual way. This seems to indicate that 
hardening is definitely associated, in these rather succulent tissues, with 
photosynthesis, and that the influence of light at this temperature may be 
largely due to carbohydrate synthesis. 

At the end of the hardening treatment, two pots of short-day (green¬ 
house) plants, one from the dark, the other from the long-period illumina¬ 
tion treatment, were harvested for the determination of dry matter. The 
hardened plants (from the light) were much higher in dry matter (20.8 as 
compared with 13.0 per cent.) than those which had not hardened (in the 
dark). Curiously, however, the total amount of dry matter in the hardened 
plants had not increased in any such proportion. There seemed, therefore, 
to have been a dehydration process going on in the hardening plants, in 
the light, wdiich increased the percentage of dry matter by loss of water 
as well as by gain in carbohydrates. Further study may determine whether 
or not this is actually the case. 

Repetitions of experiment 

Experiment 2 was repeated, with variations, with plants of three varie¬ 
ties of winter wheat grown out-of-doors until five weeks of age (September 
23 to October 27). When these plants were given hardening treatment at 
0® C. in the dark, with 7 hours and with 15 hours of illumination each day, 
for a period of 28 days, hardening was least complete in each case in dark¬ 
ness, more complete with 7 hours, and most complete with 15 hours of 
illumination. The average (for the three varieties) conductivity value at 
the beginning of hardening treatment was 884; in the dark this value was 
398 at the end of the hardening period. With 7 hours of illumination each 
day the value was 292; and with 15 hours, 237. These plants, w-hich were 
much more sturdy and higher in dry matter than the plants grown in the 
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greenhouse, hardened oonsiderably in the dark, whereas the succulent green¬ 
house plants did not. The alfalfa plants which were well stored with 
reserve foods (experiment 1) also hardened somewhat in the dark. In each 
case, however, hardening was more complete in the light. 

The plants of the three varieties of wheat were also given 7 and 15 hours 
of illumination each day at 10® C., for 28 days. These plants, while hard¬ 
ening slightly at first, became very chlorotic and more tender as the experi¬ 
ment proceeded. As in the case of the alfalfa plants, those receiving the 
longer day at this higher temperature were more tender than those receiving 
the 7-hour day. 

Experiment 3 

In this experiment, the effect of the presence or absence of carbon dioxide 
in the air was studied at different temperatures and "with four species of 
plants. Minhardi wheat, hardy alfalfa, cabbage, and tomato plants were 
used. The wheat, cabbage, and tomato plants were grown in sand culture 
with nutrient solutions, and were five weeks old at the beginning of the 
hardening treatment. The plants w^ere very uniform in appearance. The 
alfalfa plants were nine weeks old wdien hardening treatment began. They 
were growm in soil and were somewhat irregular in appearance. The wheat 
received a short day (8 hours) in the greenhouse, while the other plants 
received a long day (about 14 hours). The photographs show^ the size of 
the plants. There were 30 wheat plants, approximately 30 alfalfa plants, 
8 tomato plants, and 8 cabbage plants, respectively, in each can. Samples 
were prepared as follows. The wheat samples were prepared as in experi¬ 
ment 2, using duplicate 1-gram samples. The alfalfa root samples were 
prepared by removing the leaves at the crown, washing in distilled water, 
and drying the surface w^ater. A single 0.5-gram sample (about 25 roots) 
was used. The tomato and cabbage samples w^ere prepared by removing 
the roots, and w’^ashing the tops and drying between towels. Duplicate 
3-gram samples of the tops of each were used. The wheat and alfalfa 
samples w^ere placed in test-tubes and w’ere frozen in an alcohol-ice slush 
at ~8® C. for 2 hours; they were thawed in the water-bath at 2® C. for 30 
minutes. To each tube in turn, 10 cc. of distilled water at 2® C. were added. 
Exosmosis continued for 16 hours at 2° C., when the electrical conductivity 
was measured at that temperature. The cabbage and tomato samples were 
placed in lx 8-inch test-tubes, frozen at -5® C. for 4 hours, thawed as 
indicated, and 25 cc. of distilled water at 2® C. added to each tube. Con¬ 
ductivity measurements were made after 14 hours of exosmosis. There is 
generally considerable super-cooling without freezing when plant tissues 
are subjected to a temperature no colder than -5® C. This experimental 
difficulty was met with regularly when this temperature was used. If, 
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however, the tissues were moved about in the tube with a clean glass rod 
after they had been thoroughly chilled, or if the tube was sharply rapped 
against a solid body, freezing generally occurred rather promptly. In some 
cases, especially when the plants were partially hardened, it was necessary 
to start crystallization by placing the tubes for a moment or two in a colder 
bath (-7 or -8® C.), after which they were replaced in the -5® C. bath 
where freezing always continued without difficulty. 

The plants in this experiment were hardened in the following way. 
Two glass-walled chambers, about 8 cubic feet each, were placed in the cold 
room at 0® C. Into each chamber a tube of air was led from a compressed 
air line. In the case of one chamber, the air was merely dehydrated (with 
sulphuric acid and glass wool); in the other chamber, the dried air was 
passed through a long tube filled with alternate layers of soda-lime, glass 
wool, and solid sodium liydroxide, to remove the carbon dioxide from the 
air. Since the chambers were by no means air-tight, and had to be opened 
to water the plants, etc., doubtless there was some carbon dioxide in the 
chamber in any case. To avoid this as much as possible, further sodium 
hydroxide solution was placed within the case. Into each case eight cans 
of plants were placed, that is, two cans of each of the four species. Both 
cases received light from a 1000-watt lamp for 14 hours each day. During 
illumination tlie temperature in the cases went up to about 2® or 3® C. 

In a warmer room, at about 20® C., two similar cases were arranged, one 
with ordinary air and the other with carbon dioxide-free air. These plants 



Fio. 3. Condition of tomato plants from experiments 3 and 4 after 2 days of treat¬ 
ment. On extreme left is the pot of plants ^hich received no carbon dioxide; next to 
it, the one which received carbon dioxide. The plants receiving no carbon dioxide suf¬ 
fered very severe injury in the cold room, although they did not freeze; the others were 
uninjured. The two pots on the right are from experiment 4. The plants in the pot 
on the extreme right received illumination for four periods of 2 hours each at 0*=* C. with 
the other 16 hours each day at 22® C. They ivere badly injured by the cold. The other 
plants received an equal illumination, but at 22® G., with the remaining 16 hours at 0® C, 
They were uninjured by the cold. In this case, an opportunity for high photosynthesis 
and low respiration may well explain their ability to survive the cold for 16 hours, 
whereas the plants with an opportunity for high respiration and low photosynthesis could 
not survive. 
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reeeiYed 14 hours of illumination each day at a temperature of approxi¬ 
mately 24° C. Each day, at the end of the illumination period, the plants 
from both of the glass cases in the warm room were transferred to the cold 
room, where they remained for 10 hours in the dark at 0° C. They were 
then transferred back to the eases in the warm room, and the process w'as 
repeated. At the end of two days the photograph shown as figure 3 was 
taken. This shows that the tomato plants receiving light in the warm room, 
but no carbon dioxide, were very badly injured in the cold room, althougli 
they were not frozen. This injury was plainly evident after the first night 
in the cold room, following the first day without carbon dioxide. The plants 
receiving carbon dioxide were not injured perceptibly by the exposure in 
the cold room. 



Fio. 4. Condition of the two sets of plants in the room at about 24^ C. at the end 
of two weeks of treatment. Each set received 14 hours of illumination in the wnrui 
room, and 10 hours in the dark at 0® C. each day. The upper set received carbon dioxide- 
free air during the two weeks, and the plants were almost dead. The lower set received 
ordinary (dehydrated) air and were in good condition. 







dexter: hardening of plants 


m 


The other pots in figure 3 received an alternating temperature and light 
treatment as described in experiment 4. The uninjured plants received 
their light (four 24iour periods of illumination) in a warm room, while the 
badly wilted plants next to them, on the extreme right, received equal 
illumination, but in the cold room. Again the injury was plainly evident 
after one day of treatment. 

Photographs of the plants with and without carbon dioxide in the warm 
room, taken at the end of two weeks, are shown in figure 4. Here it is evi¬ 
dent that the cabbage and tomato plants receiving light but no carbon 
dioxide were almost dead, and the wheat was wilted and yellow. The pots 
of alfalfa plants were omitted from the photograph, since the numbers of 
plants per pot were not identical. The alfalfa plants showed the starvation 
effect later than the other plants, but it was evident at the end of two weeks. 

At the end of one week of hardening treatment, and at the end of two 

TABLE IV 

HpECIFIC conductivities (x 10*, 2* C.) EXPRESSED IN RECIPROCAL OHMS OP EXISACTS OP 
SAMPLES OP THE PLANTS IN EXPERIMENT 3. SAMPLES OP WHEAT AND 
AIJ’ALPA WERE FROZEN FOR 2 HOURS AT - 8® C.; THOSE OP 
CABBAGE AND TOMATO POR 4 HOURS AT - 5° C.} FOUR¬ 
TEEN HOURS OP ILLUMINATION DAILY 




Bats op hardening 


Species 

Carbon 

DIOXIDE 

TREATMENT 

Kemarks 


0 

7 

14 





Continuously in cold at 0® 

C. 

Alfalfa . 

Present 

297 

274 

210 1 


Alfalfa .. 

Absent 

297 

314 

317 1 


Wheat 

1 

l^resent 

650 

367 

226 


Wheat 

Absent 

650 

499 

345 


('abbage 

Present 

804 

658 

486 


Cabbage 

Absent 

804 

1027 

1445 


Tomato 

Tomato. 

Present 

Absent 

1060 

1060 

1006 

1156 

1250 ( 
1385 J 

Both sets almost dead 


Illuminated at 24® C., and 10 hours in dark at 0® C. 


Alfalfa . 

Present 

297 

263 

296 


Alfalfa . 

Absent 

297 

292 

320 


Wheat 

Wheat . . . 

Present 

Absent 

650 

650 

567 

635 

6211 
700 1 

Decided elongation in both eases 

Cabbage . * 

Present 

804 

976 

707 

Approximately doubled in size 

Cabbage .. . 

Absent 

804 

1093 

1709 

Almost dead 

Tomato . 

1 Present 

1060 1 

1052 

946 

Approximately doubled in size 

Tomato . 

Absent 

1060 

1081 

1385 

Almost dead 
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weeks, samples from the four sets of plants were prepared for testing, as 
previously described. The conductivity determinations are given in 
table IV. 

Prom the figures in table IV, it is evident that hardening was favored 
by the presence of carbon dioxide in the air. The different reactions of the 
four species are of considerable interest. Thus wheat and alfalfa, and to 
a less extent cabbage, hardened much more thoroughly when kept con¬ 
tinuously in the cold. The tomato plants, however, were severely injured 
by the conditions of hardening before the period was over, with the excep¬ 
tion of the plants receiving carbon dioxide and light at the higher tempera¬ 
ture. The tomatoes would not survive the occasional exposures to a tem¬ 
perature of 0® C. unless given illumination at a higher temperature for a 
part of the day. Experiment 4, which follows, brings this point out 
further. It is also of interest to note that, of the plants in the cold room 
continuously, but largely without carbon dioxide, tlie winter wheat alone 
hardened. Wheat plants of the .same set in the same room in the dark 
showed no hardening whatsoever. In experiment 2 it was shown that 
when carbon dioxide was completely excluded, wheat hardened almost pre¬ 
cisely the same in the light as in the dark. 

As the photographs in figure 4 show, the tomato and cabbage plants 
grown in the warm room, with carbon dioxide, grew extensively in the two 
weeks^ period, and almost doubled their green weight. This was, assur¬ 
edly, unfavorable for hardening. It may well be also that the long day 
was a further aggravating tendency. The woi'k of Haiivey (4) would in¬ 
dicate that a temperature of from 5® to 10® C. lower might have caused the 
cabbage plants to harden much more completely under the conditions of 
alternating temperatures; in fact, fully as completely as those kept con¬ 
tinuously in the cold room. His photographs indicate that there was no 
perceptible difference in the size of the plants hardened with constant low, 
and alternating high-low temperatures. This difference in the growth 
behavior of the plants would readily account for the difference in harden¬ 
ing response in the tw^o experiments. 

The winter wheat plants which received a long day at 24® C. elongated 
their leaf sheaths very notably, whether they received carbon dioxide or 
not. The plants receiving no carbon dioxide, however, were much more 
chlorotic. 

Experiment 4 

In this experiment, four species of plants were again used, and of the 
same kinds and ages. However, the alfalfa was of another variety, and 
the cabbage and tomatoes were grown in soil. Only the wheat samples 
were identical with those used in experiment 3. The samples were pre- 
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pared as before, except that 4-gram duplicate samples of the tomatoes and 
cabbage were used. Freezing and other details were carried out as de¬ 
scribed for experiment 3. 

In this experiment, an attempt was made to provide conditions during 
hardening which would combine the effects of alternating temperatures and 
"cold shocks” with those of increased photosynthesis or respiration. The 
plants were hardened in five ways: (1) Illuminated for 2 hours at 22® C., 
then moved into the dark in the cold room at 0° C. for 2 hours, again into 
the light in the warm room; repeating four times. Thus the plants re¬ 
ceived 8 hours of interrupted illumination in the warm room, with a total 
of 16 hours each day in the dark at 0® C. (2) Precisely as the previous 
case, except reversed; that is, illumination was given only in the cold room, 
darkness only in the warm room. There was, therefore, 8 hours of inter¬ 
rupted illumination at 0° 0. and 16 hours in the dark at 22® C. (3) These 
plants received the same temperature treatment as (1) but no light; that 
is, 8 hours, interrupted, in the room at 22® C. and 16 hours at 0® C., all in 
the dark. (4) Continuous dark, at 0® C. (5) Continuous light at 0® C. 

In no ease were the plants which were moved kept in absolute darkness; 
they were covered with heavy cardboard boxes, but could receive a fraction 
of a foot-candle of illumination when presumably in darkness. 

Figure 3 shows the sharp difference in behavior in the tomato plants of 
treatments 1 and 2, photographed at the end of the second day. From this 
reaction it would appear that the alternating temperature behavior might 
well be associated with increased photosynthesis and reduced respiration in 
treatment 1 as contrasted witli slow photosynthesis and high respiration in 
treatment 2. Figure 5 shows the plants from treatments 1, 2, and 3 at the 
end of 13 days of hardening treatment. Again the pots of alfalfa plants 
are omitted. (During the second week, there were two periods of illumi¬ 
nation of 4 hours each, rather than four periods of 2 hours each.) When 
the photographs were taken, the tomato and cabbage plants of treatment 1 
had made considerable v^etative elongation; those of condition 3 (alternat¬ 
ing temperature in darkness) were almost dead; and the tomatoes in treat¬ 
ment 2 (light given at 0® C.) were also almost dead. In the two remaining 
treatments, 4 and 5, none of the plants made apparent growth, while the 
tomato plants gradually died, although those receiving light survived 
longer than those in darkness. Of the five treatments, but one set of to¬ 
mato plants survived the experiment, namely, treatment 1. This was pre¬ 
cisely the result found in the experiment previously described, in which it 
was shown that the tomato plants appeared to require an opportunity for 
photosynthesis at a fairly high temperature if they were to survive occa¬ 
sional exposures to a temperature of 0® C. 
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Pig. 6. Condition of the plant® after 13 days of treatment. The top row of pots 
received alternating temperatures in the dark (treatment 3) ; the middle row received 
light in a cold room (0® C.) in four 2-hour periods, and the remaining 16 hours in the 
dark at about 22® C.; the lower row received light in a room at about 22® C. in four 2- 
hour periods, and the remaining 16 hours in the dark at 0® C. The tomatoes in the bottom 
row were almost uninjured, whereas the others were severely injured. The cabbage plants 
in the top row were almost dead. All sets of wheat were adversely affected by the warm 
temperature treatment, but those of the top row were in a very chlorotic condition and 
almost dead. 

The leaves of the cabbage plants from treatment 3 were so badly wilted 
and shrunken that it was impossible to get strictly comparable samples, but 
the conductivity value is included in the table. Comparable samples of the 
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tomato plants could not be obtained, since, in all except treatment 1, only 
stumps of the stems remained alive. Table V gives the conductivity values 
of the samples at the beginning of the trial, and after two weeks of hard¬ 
ening treatment. 

TABLE V 

HPBOinc CONDUCTIVITIES (X 10*, 2®C.) EXPBESSED IN RECIPROCAL OHMS OF EXTRACTS FROM 
FROZEN PLANTS IN EXPiaEUMBNT 4; FREEZING TREATMENT AS IN EXPERIMENT 3 


Days of hardening 


PlANT 


Treatment 


TREATMENT 


Alfalfa 


Wheat 


< 'abbage 


1. Warm light-cold dark 

2. Cold light-warm dark 

3. Continuous dark, warm-cold 

4. Continuous dark and cold 

5. (kintinuous light and cold 

1. Warm light-cold dark 

2. Cold light-warm dark 

3. Continuous dark, warm-cold 

4. Continuous dark and cold 

5. Continuous light and cold 

1. Warm light-cold dark 

2. Cold light-w'ann dark 

3. Continuous dark, warm-cold 

4. Continuous dark and cold 

5. Continuous light and cold 


0 i 14 

1 


388 

! 265 

.S88 

263 

388 

321 

388 

289 

388 

265 

650 

500 

650 

633 

650 

616 

650 

659 

650 

1 234 

t 

1085 

702 

1085 

751 

3085 

1750 

1085 

1047 

1085 

463 


Tomato 


All veiy severely injured in hard- i 
ening process except (1), warm 
light-cold dark, which survived 
very well. No comparable samples ' 
obtaiuable 1 


Table Y shows that hardening was more complete in treatment 1 than 
in treatment 2. In the ease of the alfalfa, the roots were buried in the soil, 
of course, and did not aetuall.v reeeive the sharply alternating tempera¬ 
tures that the other parts tested did. Tlie wheat and cabbage gave evi¬ 
dence of more complete hardening in 1 and in 2 by their conductivity val¬ 
ues; the tomatoes by their survival at tlie temperatures used (figs. 3, 5). 
There seems to be no evidence that alternating temperatures as such (treat¬ 
ment 3) were Ismeficial in hardening these plants. In fact, on the average 
this would seem to have bwu the poorest treatment of the five used in this 
experiment. This seems not unreasonable, since it gave a considerable op¬ 
portunity for respiration and no opportunity for photosynthesis, except 
during the intervals when the plants were being moved, or in the slight 
illumination under the covers. By aU means the most efficient hardening 





138 


PLANT PHYSIOLOGY 


treatment (with the exception of the tomatoes) was the continuous light 
with continuous cold. Tomatoes, however, did not seem to be able to en¬ 
dure this temperature without severe injury, unless receiving illumination 
at a higher temperature for part of the day. It seems probable that photo¬ 
synthesis, with the tomato, is almost negligible at the temperature near 
0® C. 

Discussion and conclusions 

The results of these experiments all point, in the opinion of the writer, 
to similar conclusions. The general proposition may be stated that hard¬ 
ening of plants is favored by conditions which tend toward the accumula¬ 
tion or conservation of carbohydrates and other reserve foods; that is, 
which further photosynthesis and lessen respiration and extension of vege¬ 
tative parts. Hardening proceeded markedly in the dark in alfalfa or 
winter wheat plants that had an abundant storage of organic food, if the 
temperature was near 0® C. The more succulent wheat plants, grown in 
the greenhouse, gave no indication of hardening in the dark at 0° C., but 
hardened rather completely when illuminated. Alternating temperatures 
were not shown to be particularly favorable to hardening in either light or 
dark. A short period, with light, at a higher temperature was not espe¬ 
cially deterrent in the hardening process, except in the case of winter 
wheat. This cannot be said of a longer day at the liigher temperature, for 
in this case, with both alfalfa and wheat, and perhaps with cabbage and 
tomato, elongation of foliar parts was especially evident. The species are 
by no means identical, however, in their reactions. Winter wheat was 
much more adversely affected in its hardening behavior than alfalfa, cab¬ 
bage, or tomato by a period of short duration at a higher temperature. In 
fact, tomato plants could not survive occasional exposures to a temperature 
of 0® C. unless they had opportunity for photosynthesis at higher tempera¬ 
tures. 

Exposure to a long day in the hardening room at 0® C. gave no indica¬ 
tion of the usual response in wheat and alfalfa of decided elongation of 
parts. On the contrary, the plants hardened more fully with such long- 
day illumination treatment than with a short day. Winter wheat plants 
which had received a short day in the greenhouse (60® P.) hardened more 
rapidly and more fully in the cold room than similar long-day (green¬ 
house) plants under either a long- or a short-day hardening treatment. 
The short-day plants were smaller, greener, and somewhat higher in dry 
matter. 

Further evidence of the relation of organic foods to hardening is given 
by experiments 3 and 4. Winter wheat, alfalfa, tomato, and cabbage 
plants were hardened in several ways which would favor photosynthesis 
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and decrease respiration, or the reverse. Removal of carbon dioxide from 
the air given the plants in all cases prevented or greatly depressed the de¬ 
gree of hardening. Plants receiving their light in a warm room and their 
dark period in a cold room were in all cases hardier than those receiving 
the opposite treatment. The first would seem to favor photosynthesis and 
depress respiration, while the second would tend to use the reserve foods 
of the plant without replenishment. Alternating temperatures, as such, 
without illumination did not appear to be helpful in the hardening of the 
plants. When marked top growth occurred, even under conditions favor¬ 
ing photosynthesis and depression of respiration, hardening was lessened. 

Although the various species used differed considerably in their be¬ 
havior, the general suggestion seems to hold that the development and 
maintenance of a high available carbohydrate supply, with much retarded 
vegetative growth, is essential before the cold-temperature reaction of 
hardening of plants will occur in an efficient manner. 

University or Minnesota 
St. Paul, Minn. 
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INFLUENCE OP VARIOUS NITROGENOUS COMPOUNDS AND 
MANNITOL ON NODUI-*E FORMATION BY CLOVERS 
E. W. Hopkins and E. B. Fred 
(with two figures) 

Introduction 

In a previous paper (9), the influence of nitrate upon the number and 
distribution of nodules on red clover plants was considered. It seemed 
desirable to continue this work, usin^ a number of org:anic nitrogenous 
compounds. 

The wide occurrence of organic nitrogenous compounds in soil makes 
it imperative that these compounds as well as nitrates be considered in 
their effect upon nodule formation. Investigations on this problem have 
been limited. Prank ( 4 ) found that peas fixed more nitrogen when urea 
was added to sand cultures, and that lupines behaved in ah opposite man¬ 
ner. Flam AND (2) determined that the following concentrations of urea 
and oxamide inhibited nodule formation in Sach’s solution: Pistm sativum, 
urea less than 1/20,000, oxamide 1/20,(K)0; Vicui narhoncnsis, urea and 
oxamide 1/20,000; Faba equina, urea 1/20,000, and oxamide 1/10,000. 
Similarly, the carbonaceous materials of soil may play a role in nodulation. 
This problem has also received little attention. Ritter ( 14 ) reported that 
in soil, sucrose had no effect on the formation of nodules by lupines. 
Pruoha ( 13 ), however, found that more than 2 gm. of sucrose added to 
300 gm. of soil adversely affected nodulation of peas, while 0.2 to 2 gm. of 
sucrose apparently had no influence. According to Wilson ( 18 ), maltose, 
fructo.se, lactose, .sucrose, and glycerol stimulated nodule formation on soy 
beans, while gluco.se was inactive. Calchim saccharate wa.s found to pos¬ 
sess a particularly .stimulating effect. 

Experimentation 

In the following study, the attempt was madt» to produce a plant 
environment siicli that the nodule bacteria would not find invasion of the 
plant roots necessary in order to obtain carbohydrate and fixed nitrogen. 
Although such environments nuxlified nodule formation, in no case was 
actual inhibition of nodules observed. 

The nitrogen compounds, added to the plant cultures were KNO^. 
(NH 4 ) 2 S 04 , urea, asparagin, clover-seed extract, and yeast extract. In a 
second series, mannitol w^as added in addition to the nitrogen compounds. 

1 Herman Frasch Foundation in Agricultural Chemistry, Paper no. 29. Contribu¬ 
tion from the Departments of Agricultural Bacteriology and Agricultural Chemistry, 
University of Wisconsin. 
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Methods. —The methods and details of planting are given in the pre¬ 
vious paper ( 9 ). In the tests where mannitol was added, the concentration 
used was 0.5 per cent. To avoid decomposition of the nitrogenous com¬ 
pounds during sterilization, these were added with aseptic technique to the 
sterile agar -shortly before hardening occurred. Sterilization of the solu¬ 
tions of KNOg, (NH^) 2 S 04 , urea, and asparagin before addition to the agar 
was effected by filtration through a Berkefeld filter. The asparagin solu¬ 
tion was neutralized with NaOH to the phenolphthalein end-point. The 
yeast and clover-seed extracts could not be filtered, and so were sterilized 
in the autoclave. Solutions of the nitrogen sources were added in such 
amounts to the bottles that series of 2, 5, 10, and 20 mg. N per bottle were 
obtained. 

The yeast extract was made up as given by Fred and Waksman (5). 
In the series with no mannitol added, the clover seed extract was prepared 
by soaking the seed and then steaming. For the mannitol series, the extract 
was obtained from macerated clover seedlings. The extracts were filtered 
through paper pulp. The nitrogen present in these extracts was deter- 
mind by the Kjeldahl-Gunning method. 

Plant growth. —The large number of bottles required for the experi¬ 
ment made it necessary to extend the planting over a period of several 
weeks. Ten bottles of each treatment were included; thus a total of over 
500 bottles was required. At the time of harvest, the difference in age of 
the cultures was about one month. This difference in age, however, would 
not appear to be an important consideration, since at the time of harvest 
all plants had attained the maximum development possible under the con¬ 
ditions. The cultures ranged in age from 90 to 120 days. The growth 
period was during November, December, January, and to the middle of 
February. During this period, plant growth is very slow owing to deficient 
light. The plants were exposed to artificial illumination, and changed 
about to maintain conditions as constant as possible throughout the growth 
period. 

At the end of the experiment, the plants were pulled from the agar. 
There was very little loss of root material, because the agar was soft enough 
to allow passage of the roots without breaking them. The plants were 
examined for their general appearance, and nodule counts were made. The 
size, shape, and distribution of the nodules were noted. Plants from three 
bottles were combined, the total nitrogen determined by the Kjeldahl- 
Gunning method, and the results calculated for ten plants. 

The effects of the various compounds upon the growth of the plants will 
be considered under the discussion of each nitrogen source, and the effect 
on nodule formation in the general discussion. 

Controls. —The growth of the controls containing no mannitol was very 
good. At all times the plants possessed a deep green color, and at the time 
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of harvest, filled the bottles. In the controls containing mannitol, growth 
was somewhat slower, but the general condition of the plants and their 
color was good; table I gives the data for the two sets of controls. 

TABLE I 

ErrscT or mannitol on nobple tobmation 


Treatment 

Total N in 

10 PLANTS 
(1 BOTTLE) 

Number 

OP 

SAMPLES 

Nobule 

MEAK^ 10 
PLANTS 

DisTRiBirriOK and 
SIZE OP NODULES 

Uninoculated 
control . 

mg, 

2.3 



1 

Control 1: 
no mannitol 

9.7 

9 

1 138 ± 11 

NoduleB principally on 
tap-roots, many near 
crown, mostly of the 
round type; roots 
normal 

Control 2: 

0.5 per cent, 
mannitol .. 

9.4 

i 

9 

j 

95 ± 6 

Nodules principally on 
tap-roots, many near 
crown, mostly of the 
long type and very 
large; roots slightly 
stunted in a few 
plants 


Inoroanic nitrogen COMPOUND SERIES. —^In these series, KNOg and 
(NH 4 ) 2 S 04 were present in varying amounts. The plants grew very well 
in the nitrate series without mannitol, and in color and size were even better 
than the controls. In the mannitol series, with increasing nitrate, the 
plants did not grow well. In this series, as in all others containing man¬ 
nitol, the organisms grew over the surface of the agar and along the plant 
roots, increasing vigor of growth of bacteria being evidenced in the highw 
concentrations of the nitrogen source. This growth apparently was un¬ 
favorable for tile plants, because as the amount of growth increased, the 
roots became more stunted, and frequently were gnarled and very irregular, 
or failed to put out secondary roots. In some cases, however, the plants 
were able to attain good growth in spite of this condition. None of the 
concentrations of nitrates used was found to prevent bacterial growth, so 
it is probable that the organisms were not injured by this salt, as Hiltner 





TABLE II 

Effect of inorganic nitrogen compounds on n(H)Uue formation 
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( 8 ) has assumed. The other nitrogen sources appeared to be equally as 
good or better than nitrate in producing growth of the organism. Thus 
no toxic effect on the organism was observed with any nitrogen compound 
used. 

Bacterial growth had covered the roots of the plants in the 20-mg. set, 
with the result that the plants were badly stunted. The set was discarded. 

In the (NH 4 ) 2 S 04 series, without mannitol, all the plants in the 20 mg. 
of NHa,-N set and most of those in the 10-mg. set died. When mannitol 
was present, none of the plants was killed; but when harvested, they were 
so small that nodule counts were not made. In the lower concentrations 
of ammonia, in both the mannitol and non-mannitol series, the plants 
attained a fair growth but were of a pale green color. Table II gives the 
data of the KNOg and (NH 4 ) 2 S 04 series. 

Organic nitrogen compound series. —In these series, urea and aspara- 
gin (as the sodium salt) were added to the agar. In both urea series, with 
and without mannitol, the plants attained a good size, and were dark green 
in color. The higher concentrations of urea, however, were toxic to the 
plants, and in the series without mannitol the plants died in the 20 mg. 
of urea-N set. The plants in the 10-mg. set developed rather slowly at first, 
but after slow grow th at the start, were able to outgrow^ the other series. In 
the urea series wdth mannitol, all sets above 5 mg. of urea-N grew very 
poorly, and at the end of the experiment the plants w^ere only a few cm. 
high. 

In the asparagin series excellent plant growth was obtained in most of 
the seta. The plants in the 20 mg. of asparagin-N died, but the color of 
the plants in all sets w^as even darker than that of the controls. This series 
is especially interesting because some workers have considered amides to 
be the first compounds formed in the fixation of nitrogen by leguminous 
plants. Prank (3) expressed the view that nitrogen was fixed as amides 
in the leaves of the Leguminasae. Stoklasa (15) believed that amides were 
the first compounds formed in nitrogen fixation. It is somewhat surprising 
that the concentration of 20 mg. of asparagin-N would be high enough to 
kill the plants, especially since the nitrogen present was only about one- 
quarter to one-half more than ten plants would require for their growth 
under the conditions used. When mannitol was present with asparagin, 
poor plant grow^th took place in the higher concentrations. 

The excellent growth obtained in series 7 is no doubt due to the utiliza¬ 
tion of asparagin by the plants. Virtanen and von Hausen (17) have 
recently shown that aspartic acid and the amino acids in a casein digest are 
readily assimilated by red clover. It is very probable, they believe, that 
free nitrogen is fixed in the nodules as amino acids. 

The data for the urea and asparagin series are given in table III. 
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Plant extract series. —To these series, clover-seed extract and yeast 
extract were added to the agar. With both of these nitrogen sources, plants 
in the non-mannitol series attained a moderate growth, but were of a rather 
pale color. In the mannitol series, all plants grew very well and pos¬ 
sessed a dark green color. In appearance, the plants were better than those 
of any other series. Table IV gives the data on the clover-seed and yeast 
extract series. 

Discussion 

The data in these experiments may be discussed according to the nitro¬ 
gen compounds used. In another part of this paper, the results will be 
considered as a whole. 

For the mean of the number of nodules in each set, the standard devia¬ 
tion was computed, and the effectiveness of the treatment determined by 
the method of the critical ratio. This was calculated by comparing each 
set with its control. A critical ratio of 2.5 standard deviations was taken 
as the limit of significance. 

Controls. —The data are given in table I. The amount of nitrogen 
contained in the plants in these sets will be used as the comparison for that 
of the sets receiving nitrogen compounds. Mannitol decreases the number 
of nodules which form, but these nodules are larger than those of plants 
'without mannitol. Other workers have commented on the increased size 
of nodules produced by carbohydrates. Harrison and Barlow (7), grow¬ 
ing pea and vetch in 0.4 per cent, maltose-wood ash agar, observed that very 
large nodules were produced. Leonard (11) found that when glucose was 
added to sand cultures of soy beans in bottles, the roots were injured, 
althougli the nodules which formed were twuce the normal size. The nodules 
in the controls are located principally on the tap-root, with many close to 
the crown. In the controls without mannitol, the round nodules predomi¬ 
nated, while in those with mannitol present, the long type were more numer¬ 
ous. The statistical constant was not calculated for the controls. 

Inorganic nitrogen compounds series. —Comparing the nitrogen con¬ 
tent of series 1 and 2 (table II), it is apparent that the plants with mannitol 
assimilated less nitrogen than those without. The heavy growth of bacteria 
which occurred on the surface of the agar and along the plant roots of the 
mannitol-nitrate set apparently exerted a toxic effect upon the plants. The 
number of nodules is decreased significantly only in the 10-mg. set in series 2. 
With all of the nitrogen present at the start, it w^as found in a previous 
experiment (9) that the number of nodules was irregularly affected. The 
distribution of the nodules in series 1 is affected as noted previously (9); 
that is, that even a small amount of nitrate causes the nodules to form 
principally on the secondary roots, such nodules being of the small round 
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type. With incrensiug nitrate, the shse of the nodules decreases. When 
mannitol is present, however (series 2 ), the distribution of the nodules is 
not affected by the nitrate, although the size of the nodules decreases in the 
higher nitrate sets. The placement of the nodules is essentially normal,— 
mostly on the tap-root and near the crown. Mannitol increases the size of 
the nodules. 

In series 3 and 4 (table II) the effect of (NH 4 ) 2 S 04 on nodule forma¬ 
tion is shown. The plants did not grow as well as those in series 1 and 2, 
and did not assimilate as much nitrogen. The number of nodules was 
significantly decreased by all concentrations of (NH 4 ) 2 S 04 . The effect 
upon position of the nodules was the same as that produced by nitrates, 
scattered nodules in series 3, and nearly normal nodules in series 4 with 
mannitol present. 

Organic nitrogen compounds series. —In both the urea and asparagin 
series, the plants without mannitol (series 5 and 7, table III) assimilated 
more nitrogen than those to which mannitol was added. The amount of 
nitrogen in ten plants increased as more of the nitrogen compound was 
available. Asparagin seemed to be an especially good source of nitrogen. 

The number of nodules was irregularly affected by the nitrogen treat¬ 
ment. As judged by the critical ratio, the number of nodules was decreased 
in series 5 by 10 mg. of urea-N, in series 6 by 2 and 5 mg. of urea-N, in 
series 7 by 2 and 5 mg. of asparagin-N, but not by 10 mg.; and in series 8 
by 2 and 10 mg. of asparagin-N, but not by 5 mg. Asparagin seems to be 
Jess consi.stent tlian any of the nitrogen sources used in the effect on nodule 
formation. 

Tlie distribution of the nodules on the roots was very similar to that in 
the KNO 3 series (series 1 and 2 , table II). The nitrogen sources produced 
scattered round nodules, even in the lowest concentrations, with decreasing 
size of the nodules when more of the nitrogen source was present. When 
both nitrogen compound and mannitol were present, as seen in the KNO., 
series, the nodules were placed largely on the tap-roots and attained a good 
size. However, the size of the nodules decreased as the concentration of 
the nitrogen compound increased. 

Plant extract series. —The plants in series 9-12 exhibited good growth 
in both the series with and those without mannitol. When mannitol was 
present in addition to the nitrogen sources, the highest nitrogen plants were 
produced. 

The number of nodules showed certain irregularities, but was generally 
depressed by all concentrations of the plant extracts. In all clover-seed 
extract sets, 2, 5, 10, and 20 mg. N with and without mannitol, the number 
of nodules was decreased. In the yeast extract series (series 11 and 12 ), 
the 5-mg. yeast extraet-N set without mannitol, and the 10-mg. set with 



PLANT PIIYHIOLOGY 


1§0 

mannitol showed no significant effect on the number of nodules. All other 
concentrations of yeast extract effectively decreased nodule formation. 

In the distribution of nodules, it will be noted that the plant extracts 
produced less deviation from normal placement than did the other nitrogen 
sources. In the 2-mg. sets, without mannitol, the distribution of the nodules 
was essentially normal; but as the concentration of the plant extracts in¬ 
creased, the distribution of nodules was affected the same as in the case of 

MimilNN’of NoJvIm 



Fig. 1. Kifect of various nitrogen compounds on nodule formation. 



Fig. 2. Effect of various nitrogen compounds and mannitol on nodule formation. 
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the other nitrogen sources. Nodules then appeared principally on the sec- 
ondaiy roots, and were small and round. When mannitol was present in 
addition to the plant extracts, no change from the normal placement of 
nodules occurred, but increasing concentrations of the plant extract resulted 
in smaller nodules. 

Figure 1 shows the comparison of the nitrogen sources in the absence 
of mannitol, and figure 2, the series with mannitol and a nitrogen source. 

Prom the foregoing data, certain generalizations may be made. When 
plants were grown in agar containing any one of the six nitrogenous com¬ 
pounds used, nodules on such plants were affected in two ways. All of the 
nitrogen sources were found, first, to decrease the size of the nodules formed, 
and second, to affect the distribution of the nodules on the roots. The 
number of nodules was influenced irregularly. Mannitol was found to have 
three effects: (1) to decrease the number of nodules, (2) to increase the 
size of the nodules which formed, and (3) to alter the position of the 
nodules on the roots. 

The normal position of the nodules was near the crown of the root, with 
most of the nodules on the tap-root or very close to it on the secondary 
roots. In the normal plants there were a number of the long type of 
nodules, which are simply large nodules, while the largest number were of 
the round type, or small nodules. When the nitrogen sources were added, 
this distribution was changed as was noted for nitrate in a previous publi¬ 
cation (9). Even in the lowest concentration (2 mg. of N) of KNOg, 
(NH 4 ) 2 S 0 ^, urea, and asparagin, the nodules were found, not principally 
on the tap-root but almost exclusively on the secondary roots. Yeast and 
clover-seed extracts did not noticeably change the distribution of nodules 
when 2 mg. of extract N were present, but in all higher concentrations the 
nodules formed on the secondary roots and were of decreased size. It is 
noteworthy that clover-seed extract influenced the size of nodules less than 
did any other nitrogen source. 

Considering the series containing both mannitol and a nitrogen source, 
it will be observed that wnth mannitol present, the distribution of the 
nodules was more like that in control plants. While the nodules were 
fewer, many attained a very large size. The nodules were situated mostly 
on the tap-root, near the crown. It will be noted further that increasing 
amounts of tlie nitrogen source still decrease the size of nodules when 
mannitol is present, but do not change their position on the roots. 

Hiltneb ( 8 ) proposed that the plant was rendered immune to root 
invasion when nitrate was available. The view that nitrates are toxic to 
the nodule bacteria and thus influence nodule formation by injuring the 
inciting agent has been proposed. Hiltneb believed that the nodule bac¬ 
teria were injured in the soil, while Stbowd (16) suggests that the high 
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concentration of nitrate attained in plant sap is sufficient to injure the 
invading nodule bacteria. Laurent (10) expressed the view that nitrates 
and some constituent of the plant sap form a combination which is toxic 
to the nodule organisms. Experiments are offered to support this view. 

Giobel (6) has offered the ingenious theory that, since it appears proba¬ 
ble that nitrogen is fixed in the nodules as an organic compound, such a 
compound would experience greater difficulty in diffusing through cell walls 
than would a rapidly transferable ion like NOg. This condition would 
result in an accumulation in the nodule of the products of fixation, with the 
result that fixation of nitrogen M^ould be impaired and development of 
nodules stopped. 

(12) has considered the question from an entirely different point 
of view. His conception relates root invasion to the carbohydrates present 
in the plant sap. When the plant is receiving nitrate the carbohydrate 
may be assimilated at once, so that the sap of plants with adequate nitrogen 
supply would be low in carbohydrate. On the otlier hand, plants deficient 
in nitrogen would contain an excess of carbohydrate circulating in the sap. 
In the latter case the organic matter, especially carboliydrates, secreted by 
the plant roots would be higher and attract more nodule bacteria. Invasion 
of the roots would thus be facilitated in high-carbohydrate plants. 

Returning to our own data, how are we to interpret the results obtained ? 
The effect of the nitrogen sources on the distribution of nodules seems to be 
due to prevention of development of nodules at the points of early invasion 
of the plant roots. The nodules wdiich did form are typical of those pro¬ 
duced by late root penetration. 

When mannitol and a nitrogen source are added to the plant cultures, 
the effect of the latter upon the distribution of the nodules is offset. It 
thus appears that nitrogen compounds prevevt the formation of nodules 
at the points of early invasion, while mannitol with the nitrogen compounds 
allows nodules to develop at the points of early invasion. This observation 
suggests that the early invading bacteria do not form nodules, because the 
carbohydrate supply of the plant is insufficient to allow the organisms to 
develop to the extent necessary to incite nodule formation. Maz£ states 
that plants receiving fixed niti'ogen will be low in carbohydrate. Strowd 
found that as the nitrogen available to soy beans was increased, the sugar 
content of the sap fell off sharply. Eaton (1) found that as the total 
sugars and readily hydrolyzable material (hemicellulose, starch, and dex¬ 
trin) increased in soy beans receiving increasing length of day, the waight 
of nodules also increased. 

The follovdng hypothesis is advanced as an explanation of the results 
noted. Nitrogen compounds, at least any of the six used, are taken up by 
the plants, and thus allow the carbohydrates synthesized to be assimilated 
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at once. If at this time nodule bacteria penetrate the root hairs, they are 
unable to produce nodules because of the low concentration of sugars in the 
plant sap. Thus nodules are not formed by the early invaders. As the 
plant continues to grow it uses up some of the nitrogen source, and no 
longer has a supply of nitrogen adequate to support its growth at the 
incipient rate. The carbohydrates increase in the plant sap; and as this 
continues, a concentration is reached which enables the nodule bacteria 
penetrating the root hairs at that time to proliferate and incite nodule 
formation. 

Summary 

1. A nutrient solution containing agar was used as a substrate for the 
culture of red clover plants in bottles. Various nitrogen sources were 
added to the agar in four concentrations, 2, 5, 10, and 20 mg. of nitrogen 
per bottle. The nitrogenous substances used were: KNOg, (NH 4 ) 2 S 04 , 
urea, asparagin, clover-seed extract, and yeast extract. In a second experi¬ 
ment, the same nitrogen compounds w’ere used but 0.5 per cent, mannitol 
was also added. At the time of harvest, the general appearance of the 
plant and the number, size, and distribution of nodules were noted. 

2. The effect of the nitrogen compounds upon the number of nodules 
showed considerable variability, and the results were not entirely consistent 
with increasing concentration of the nitrogen compounds. 

3. It was found that all of the nitrogen sources used decreased the size 
of the nodules formed, and that this effect became more in evidence as the 
concentration of the nitrogen compound was increased. The nitrogen com¬ 
pounds were also found to affect the distribution of the nodules on the roots. 
In the untreated control, the nodules were situated for the most part on or 
near the tap-root; a few large or long nodules were present, with the greater 
number of them of a fair size but round in shape. As compared with this 
condition, in the presence of the nitrogen compounds the nodules were prin¬ 
cipally on the secondary roots, and were almost exclusively round and small. 
This latter condition was attributed to later invasion of the roots by the 
organism, owing to the presence of the nitrogen compounds. In the series 
containing both nitrogen source and mannitol, it w^as found that the nitro¬ 
gen source no longer affected the distribution of nodules. In these series 
the nodules were principally on the tap-roots. Increasing concentrations 
of the nitrogen compounds di&, however, decrease the size of the nodules 
formed. 

The senior author wishes to thank Professor W. H. Peterson, Mr. P. 
W, Wilson, and Mr. P. Wenck for technical assistance rendered and for 
helpful suggestions made during the course of the experiments. 
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MANGANESE AND THE GROWTH OF LEMNA» 

Nokuan Ashwbll Clark 
(with two fioubes) 

Since this paper was submitted to the editor, the paper by McHaboue 
and Calfee (Plamt Phtsiol. 7 : 697-703, 1932) has appeared. As their 
conclusions are in substantial agreement with the findings reported in this 
paper in. regard to tbe essential nature of manganese for the growth of 
Lemna, the original manuscript was returned to me and shortened. It 
.should be noted that in these experiments the Lemna were grown free from 
microorganisms, and that therefore the amount of manganese required for 
maintenance would be expected to be much lower than with the technique 
of McHargue and Calfee, as was the case. 

It has been previously reported (Clark and Ply 4) that it was not 
necessary to add manganese to solutions of purified salts in order to secure 
good reproduction of Lemna- major, and that the addition of manganese to 
an inorganic nutrient medium in which Lemna grew well produced some 
effect upon the vegetation but little upon the rate of reproduction until 
toxic concentrations were reached. The possibility that extremely small 
amounts of manganese might be essential to the plants and be present in 
sufficient quantity even in salts reerystallized several times, together with 
the failure of many workers to obtain growth in green plants without 
manganese, particularly of Hopkins (6) with Lemna minor, caused the 
problem to be investigated further. 

Lemna major {Spirodela polyrhiza) has been grown in these labora¬ 
tories with iuorgaiiie salt solutions for several years. The nutrient solu¬ 
tion used as standard consists of magnesium sulphate (24 mg. Mg per 
liter), potassium nitrate (312.8 mg. K), primary calcium phosphate (16.1 
mg. Ca), and ferric chloride (0.6 mg. Pe), adjusted to pH 4.7^.8 with 
KOH (3). The salts are recrystallized, usually three times. The water 
is three times distilled, the final distillation being in pyrex glass, and the 
solution in preparation and use is handled altogether in this glassware. 
The substitution of quartz Erlenmeyer flasks for pyrex made no change 
in the rate of growth of the plants. This medium has been used for the 
groT^ih of Lemna minor by Ashby (1) at the University of London. 
Lemna has been found valuable for physiological experiments by Bottom- 
ley and Mockeridoe in England, Olsen in Denmark, and by Saegesi, 
Deubeh, Wolfe, and others in this country. 

1 Contribution from the Chemistry Department, Iowa State College. 
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In order to test for-the presence of manganese, oxidation by periodate 
■was used in phosphoric acid solution (7). It was usually possible to detect, 
as low as 0.001 mg. Mn in 50 cc., and additions of 0.001 mg. caused an 
alteration in the color. The standard inorganic medium for Lemna gave no 
trace of manganese, indicating less than 0.001 mg. in 50 cc., or a smaller 
amount than 1 part in 50 million. When a quantity of the salts sufficient 
to make 20 liters of the standard solution was put into 100 cc. (with the 
precipitate removed and possible loss checked by adding Mn), the solution 
contained 0.006 mg. Mn in the 100 cc. The amount of manganese in the 
standard medium was therefore of the order of 1 in 3000 million. By fur¬ 
ther purification, solutions were obtained which contained 5 x lO"* mg. of 
Mn per liter when the iron was supplied as chloride and 8 x 10*“ -with iron 
as citrate. Experiments were made to determine whether the plants would 
reproduce at these concentrations, or where the minimum occurred under 
the conditions of gro'wth. 

The material, free from microorganisms (5), was grown in 100 cc. of 
the sterilized medium in Erlenmeyer flasks. Artificial light was supplied 
for 14.5 hours daily, at approximately 400 foot-candles at the surface of 
the plants. Temperature was kept at 25®. The plants were transferred 
t'wiee a ■week to fi'esh solutions except where otherwise stated, and their 
number was reduced as the flasks filled, usually about once a week. Tlie 
fronds were counted and the rate of reproduction, K, determined for the 
equation logjoN-logioNo = K(t-to) (2), where N is the number of fronds 
and t the days of growth. Cultures were run in duplicate or triplicate, but 
as these checked, curves are shown for only one flask at each concentration. 
The pH for the ferric chloride solutions was adjusted to 4.7-4.8, and the 
ferric citrate solutions to 5.7-5.9. 


TABLE I 

Bepboduction bate and Mn concbntbation 


Solution no. 

Iron supplied as perric chloride 

Mn per liter 

Approximate concen¬ 
tration 

KxlOO 


mg . 

p . p,m 


1 . 

2500 X 10-» 

1:40 million 

9.1 

2 . 

505 X 10-“ 

1:200 

9.1 

3 . 

255 X 10-* 

1:400 ‘‘ 

9.1 

4 . 

96 X 10-“ 

1:1,000 ‘‘ 

9.1 

5 .. 

50 X 10-“ 

1:2,000 

9.1 

6 . 

28 X 10-“ 

1:3,600 

7.4 

7. 

5 X 10-“ 

1:20,000 ** 
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, Table I shows the reproduction constant for tlie ferric chloride solutions. 
In figure 1 the graphs are plotted and K is the slope of the curve. The 
manganese was added as manganous chloride except in solution 7, where 
it was present with the ferric chloride. 

The plants in solution 7 reproduced at first, but rapidly got smaller 
and became brown-tipped. In two weeks they were sliriveled and almost 
lifeless. Solution 6 produced plants of good size but of somewhat light 
color; the chlorophyll in all the plants receiving iron as chloride was less 
dense than in the plants with the citrate. This solution, with its 1 part 
Mn to 3600 million, has rather less manganese than the standard medium 
formerly used, in which there was about 1 to 3000 million. The increase 
of the manganese to give 1 part in 2000 million (solution 5) raised the rate 
of reproduction; but further increase of manganese had no effect, as previ¬ 
ously noted by Clark and Fly (4) with still larger quantities of manganese. 

Table II gives the reproduction constant for the ferric citrate solutions 
and figure 2 the curves. The manganese was supplied as before, except 
for solution 14 where it was present mth the citrate. 

TABLE II 

Reproduction rate and Mn concentration 



Iron supplied as perrio citrate 

Solution no. 

Mn per liter 

Approximate concen- , 
tration j 

KxlOO 


mg . 

p , p.m 


8 

2508 X 10-*^ 

1:40 million 

11.4 

9 

508 X 10*» 

1:200 ‘‘ 

11.4 

10 

258 X 10“ 

1:400 

11.4 

11 

1 99 X 10 “ 

1:1,000 

10.4 

12 

53x10“ 

1:2,000 

9.4 

13 

31 X 10“ ; 

1:3,200 ‘‘ 

7.2 

14 . 

8 X 10-“ 

1:12,500 ‘‘ 

. 1 



The maximum rate of reproduction is higher than with ferric chloride. 
The break comes between 1:400 and 1; 1000 million. As the manganese 
content is made smaller the rate of reproduction drops. The plants in 
solutions 11, 12, and 13 are green and healthy, but are smaller with de¬ 
creasing content of Mn in the solution. Plants in solution 14, which con¬ 
tained approximately 1 part of manganese to 12,500 million, grew for some 
days but became very small and most of the fronds died. 

In some cases, after the plants had grown for about five weeks with a 
change of medium twice a week, the change was altered to once a week. 
It was thought that the speed of reproduction might decrease, especially 
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where the manganese was low. No noticeable alteration could be found, as 
will be seen frmn solution nos. 6 and 11 in figures 1 and 2. 




Fig. 2. H-eproduction curves with manganese varying. Iron as ferric citrate. 


Conclusions 

From these results manganese must be classed as essential for the growth 
of Lemna major. Good growth and healthy plants were produced with a 
concentration of 1 part of manganese in approximately 3000 million under 
the conditions of the experiments. With iron supplied as ferric chloride 
at tliis concentration, the plants were large but somewhat light colored; 
with ferric citrate the chlorophyll was dense but the plants were slightly 
smaller. With increased manganese in the solution the rate of reproduc- 
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tion rose, but soon reached a maximum, after which further additions of 
Mn had no effect on the rate. 

Iowa State CJoi,legk 
Ambs, Iowa 
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BRIEF PAPERS 

. HENRI LOUIS DUHAMBL DUMONCEAU 
(with plate vni) 

Henri Louis Duiiamel Dumonceau lived at a time when it was possible 
for a man to be well versed in more than one field of science. He was 
primarily a physicist, but the desire to apply physics to everyday life has 
made him better known as an agriculturist, plant physiologist, and plant 
anatomist. His interest in fruit tree and forest tree growth, fish and fish¬ 
ing, shipbuilding and the methods of sanitation of ocean-going vessels, made 
him so well known in Prance that he was made Minister of Marine. His 
life and works are very briefly reviewed in the Biographic Universelle by 
Du Petit-Thouahs, and in Eloge de M. Duhamel by Condobcet. 

Duhamel was bom in Paris in 1700. He was descended from Loth 
Duiiamel, a nobleman of Holland. Charles, the son of Loth Duhamel, 
came to Prance about 1400 and settled in Denainvilliers. Henri Louis 
Duhamel ’s father was Alexander Duhamel, Seigneur of Denainvilliers, 
and his mother was Anne Tbottieb. 

Very little is recorded of his boyhood days. It is known, however, that 
he made only slight progress in his early studies, except in ph3^ic8. It is 
said of him that while he was at the College of Harcourt he retained only 
one thing, namely, that men in observing nature had created a science called 
physics. 

In order to study this subject he took up lodging close to the Jardin du 
Roi, the only public institution in Paris at that time where physics was 
taught. Here he made many friends, some of whom were Dufay, Geoffroy 
St. Hilaire, Bernard Jussieu, Vaillant, and Lemebi. His interest in 
plant life was aroused by his association with these men, and the study of 
plants from the point of view of physics became his primary interest. He 
made such rapid progress in his work that soon he was asked by the Aca¬ 
demic des Sciences to solve a difficult problem. A disease reported to be 
very contagious was attacking the saffron plantations in the Gatinais. 
Because of its severity the government asked the help of the AcadSmie, 
and M. Duhamel was chosen to make the study. He soon discovered that 
a fungus in the soil was killing the saffron. As a result of his successful 
work on this problem he was elected a member of the Academic des Sciences 
when he was but 28 years of age. 

Most of the knowledge developed from the Renaissance to the beginning 
of the nineteenth century was collected for the glory of the individual 
investigator and not for the benefit of society. Duhamel believed in using 
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the new truths for the benefit of the country, however, and sought always 
to better the conditions of the people by his knowledge of physics. His 
desire to make more truths known prompted him to devote all of his effort 
toward that end. From the time Duhamel was made a member of the 
Academic des Sciences he devoted nearly all of his time to experimenting 
and writing on plant physiology. The great services he rendered to agri¬ 
culture and the science of navigation were a result of this attitude toward 
knowledge. 

He was rather severely upright and modest. As a young man he 
appeared to be disinterested in people. This and his work kept him from 
having serious thoughts of a family, and he never married. Except for the 
time spent in Paris as a student, and later as a member of the Academic 
and as inspector general of marine, which required some travel, he spent 
his life with his brother, practicing agriculture. 

In 1740, Duhamel had become very much interested in meteorology. 
He began meteorological observations on his land in the Gatinais, and kept 
detailed records of the weather and its influence upon crop production. 
Owing to his interest in frost and its effect upon plants, his observations 
were most intense in the spring and autumn. He attempted to explain the 
frost hardiness of certain types of fruit trees and the reasons for the lack 
of hardiness of others. These weather observations, kept throughout the 
remainder of his life, greatly influenced certain agricultural practices in 
France. 

While he was doing his 'work in agriculture, plant physiology, and 
anatomy^ Linnaeus was developing his ideas on systematic botany and 
laying the foundation for modern nomenclature. Stephen Hales had 
written his ^ ‘ Vegetable Staticks’^ while Duhamel was still a young man, and 
undoubtedly much of the latter’s inspiration and knowledge came from the 
venerable Hales. By comparison of their works it is obvious that a large 
part of Duhamel’ s work was compiled and translated from the works of 
Hales, Mabiotte, and Malpighi. During his lifetime he contributed more 
than sixty memoirs to the Academic des Sciences, and he published numer¬ 
ous textbooks which were soon translated into other European languages, 
largely because of the great knowledge of agriculture included. It has been 
said that Duhamel Dumonoeau’s greatest contribution to plant physiology 
was the bringing together of materials from various sources and giving to 
the world a summary of the work done in the past. 

His work on nutrition is not generally accepted. He believed that the 
digestion of food occurred in the earth and that the leaves produced the 
suction required to draw the prepared food material into the roots and stems. 

Probably the most valuable of Duhamel’ s work in plant physiology 
was on the movements of certain plant organs. The periodic movements 
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of leaves and the curvatures of shoots had already been observed by Bay, 
who attributed them to changes in temperature. Dodaet thought that the 
movements were due to the contractility of fibers on the dry side of the 
stem. Duhamel observed that some of these were heliotropic curvatures 
caused by light, but that in the case of Mimosa leaves the movements took 
place in darkness as well as in light. 

His work on growth followed closely the experiments of Haies^ and 
many of the latter results were confirmed by new investigations, espe¬ 
cially those in which the manner of apical growth in roots was shown. 
Much of his work on soil, fertilizers, and agricultural crop production was 
based upon the writings of the English agriculturist, Jethro Tull. Be¬ 
cause of his interest in soils, Duhamel made some chemical analyses, and 
in 1736 he clearly distinguished between the alkalis, potash, and soda. 

While Duhamel was inspector general of marine he had an opportu¬ 
nity to see the importance of fruit, wheat, and timber to the nation. Ow¬ 
ing to his influence, naval construction and sanitary conditions of sea-going 
vessels were greatly improved. The demand for shipbuilding material 
caused him to look into the future and to foster tree planting. His inter¬ 
est in forestry, combined with his natural curiosity and desire for useful 
knowledge, prompted him to study more thoroughly the anatomy and 
physiology of trees> 

Prom 1755 to 1768 he wrote liis best works on vegetable anatomy and 
physiology, and included practical information on seeding and planting of 
trees, the growth of wood, its durability, strength, and other physical prop¬ 
erties. There are five treatises with a total of nine volumes written on 
these subjects. The most important of these is ‘‘La physique des arbres,’’ 
published in 1758, in two volumes. These two volumes are a complete 
treatise on plant anatomy and physiology. They are based upon the works 
of Malpighi, Grew, Hales, and Bonnet. The numerous figures and 
plates, numbering fifty-five, are very well made, and many of them are re¬ 
drawn from the illustrations in Hales’ “Vegetable Staticks.” 

“La physique des arbres” remained the most complete and most instruc¬ 
tive French publication on plant physiology for many decades. It was 
needed at that time to stimulate further the scientific spirit which was 
spreading over Europe. It came at the time when Priestley was begin¬ 
ning his investigations in England and just before Ingen-Housz and 
Lavoisier began their famous researches. Duhamel ’s work was a founda¬ 
tion for many of the important physiological investigations. This was es¬ 
pecially true in France, before and after the revolution. 

It has been said that Duhamel had an instinct for truth in his work 
on plants, but that he lacked the faculty of combination which is so neces¬ 
sary for thorough investigators in plant physiology. He was an uncritical 
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compiler as compared with Malpighi and Hales; and his biographer, Du 
Petit-Thouars, says that he lacked the ability to distinguish between mat¬ 
ters of secondary and those of fundamental importance. 

At the age of fifty, Duhamel was considered one of the most learned 
men of Europe. His ardor for study never diminished, but he slowly took 
on the weight of years and was denied the power to carry on the further 
scientific work which he had planned. He was honored by being made a 
member of the Royal Society of London and Dean of the Academic des 
Sciences before his death. He died in Paris on the 13th day of August, 
1782, following a stroke of apoplexy. Condorcet says of him, *‘His course, 
useful, glorious, and peaceful, is one of the happiest that the history of 
science is able to present.’’— Warren W. Chase, Divishn of Forestry^ Uni¬ 
versity Farm, Si. Paul, Minn. 


NITROGEN CHANGES IN STORED ALCOHOLIC EXTRACTS 
OP PLANT TISSUES^ 

Most phyto-chemists, when desiring to make an analysis of a plant for 
nitrogen fractions, choose some procedure using fresh tissue. Some work¬ 
ers, however, still make certain nitrogen determinations on alcoholic solu¬ 
tions, and older literature contains references to a considerable number of 
such determinations. In order to evaluate such work properly, the writer 
has made a study of the influence of certain factors on stored extracts of 
various plants, using an aeration method for estimation of ammonia and the 
Van Slyke apparatus for amino nitrogen. 

Such factors as reaction, time of storage, percentage of alcohol, and 
presence of minerals were considered. Althoxigh the type of material in¬ 
fluenced the amount of change, in all but one experiment a continually 
decreasing percentage of amino nitrogen was found, and conversely an 
increasing percentage of ammonia. In the tests the concentration of alco¬ 
hol was found to exert little, if any, influence on the final results. Tlie 
reaction of the solution was probably the most important chemical factor 
involved, extremes of both acid and alkali inducing greatest changes. 
Length of storage is perhaps the dominating factor since these changes are 
gradual. The most extended test covered two and one-half years, and by 
this time equilibrium seemed to have been reached in the solution. Some 
few samples stored for a year also seemed to have reached equilibrium, but 
these were exceptional. 

Summarizing the data presented here, it is evident that under all con¬ 
ditions, and with all types of material investigated, progressive changes 

1 Published with the permission of the Director of the Oklahoma Agricultural Ex¬ 
periment Station. 
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take place in the nitrogenous fractions when plant materials are stored in 
alcohol. Since this is true, it is desirable to see whether an explanation of 
the facts recorded can be found. Dakin and Dudley* state that under 
certain conditions in an acid solution, amino acids will undergo decompose 
tion with the formation of ammonia. An example of this is shown in 
equation 1. 

1. CHsCHNU.COOH = CH,COCHO 4 JJH, 

It is also known that under appropriate conditions, amino acids may be 
deaminized in other ways, two of which folloAv: 

2. RCH COOH 1 H..() = RCHOHCOOH ^ Nil, 

/ 

NHa 

3. RCH - COOH I 0 = RCH0 i NH^^ CO.. 

/ 

NHg 

If either of two of these equations (1, 3) should represent the reaction 
taking place, we should be able to substantiate the fact either hy finding an 
increase in ammonia or an increased reducing powder. In a few of the 
experiments recorded there is enough of an increase in ammonia to account 
for the decrease in amino nitrogen. Generally, however, the decrease in 
amino nitrogen is greater than can be accounted for by the increased 
amount of ammonia. In the case of a synthetic solution, the decrease of 
amino nitrogen was roughly ten times tlie increase in ammonia. ‘ 

It should also be possible to check on the increase in reducing power 
of the solution if the reaction is such as will form a compound having a free 
aldehyde group (equations 1 and 3). So far, experiments carried out to 
detect, if possible, changes in reducing power have yielded conflicting re¬ 
sults. In pure solutions of sugars and amino acids a slight decrease has 
appeared, while in natural extracts a very slight increase was noted. Ex¬ 
tensive and painstaking work will be necessary to settle this point, for even 
if there is an increase it will probably be slight and effective over a long 
period of time. 

There is considerable published evidence to the effect that sugars and 
amino acids can combine under various conditions, even in rather dilute 
solutions. Kostytschew and Brilliant® report that both amino acids and 
ammonia react with sugars, chiefly those having aldehyde properties. They 
also state that the reaction,is spontaneous in an alkaline medium. Wald- 

2 Dakin, H. D., and Dudley, H. W. The interconversion of alpha amino acids, 
alpha hydroxy-acids, and alpha ketonic aldehydes. Part II. Jonr. Biol. Chem. 16: 
127-143. 1913. 

8 KosTYTSOHEiW, S., and Beiluant, W, Die Verwandlnngen der Aminosauren in 
Oegenwart von Zueker. Zeitshcr. physiol. Chem. 127: 224-233, 1923. 
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sohmidt-Leitz and Rahchalles^ report several experiments on the reac¬ 
tion of simple peptids and glucose. They found a rapid reaction at room 
temperature between the two compounds in alkaline solutions. Various 
concentrations, such as 1 mol. of glycyl-glyein to 50 mol. of glucose, gave a 
37 per cent, combination. Fructose apparently did not react so readily. 
Borsook and Wasteneys® report that there is a reaction between amino 
acids, peptones, and glucose. At the same time they state that there is no 
evidence of a synthetic reaction changing the lower fragments into complex 
derivatives. Neither did they observe the formation of any ammonia, urea, 
or like compounds. In one experiment they found a decrease in amino 
nitrogen in slightly acid solution, although the change was not large. 

In view of the fact that there is a greater decrease in amino nitrogen 
than can be accounted for by supposing deaminization, it is well to con¬ 
sider reactions of this type as an explanation of the results reported here. 
The general equation may be of this type: 

R • CHO + R'NHo = R'N: CHR + H.O, 

and can explain the decrease in amino nitrogen without any increase in 
ammonia. While no direct evidence is advanced to prove that this type of 
reaction actually occurs, still the knowledge that amino acids and glucose 
can so react lends some credence to the supposition. 

It must be borne in mind that the soluble peptids are probably concerned 
in the indicated reactions as well as amino acids, since no effort was made 
to remove them before running the analyses. In fact, evidence has been 
secured, using pure solutions of glucose and amino acids, indicating that 
much' of the change is due to changes in this polypeptid fraction.— James 
E. Webster, Oklahoma Agricidfnral and Mechanical College, Stillwater, 
Oklahoma, 


CORRELATION OP SPECIFIC HEAT AND PERCENTAGE 
OP WATER IN APPLE WOOD" 

(with one figure) 

The use of calorimetry as a means of measuring the water-holding 
capacity against freezing in colloidal systems originated with Thoenes.* 

* Waldschmidt-Leitz, E., and Rauchalles, G. Zur Spezifitat der Peptidasen. II. 
Vergleich der Peptid-zucker-kondensation mit der Wirkungsweise des Erepsins. Ber. 
deut. chem. Ges. 61: 645-656. 1928. 

^Bobsook, H., and Wasteneys, H. The interaction of free amino-nitrogen and 
glucose. Biochem. Jour. 19: 1128-1137. 1925. 

1 Journal paper no. B55 of the Iowa Agricultural Experiment Station. 

a Thobnes, E. TJntersuchungen zur Frage der VSTasserbindung in Kolloiden und 
Tierschen Geweben. Biochem. Zeitselir. 167: 174-186. 1925, 
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Robinson'* is responsible for many improvements in the procedure, and at 
the present time it is probably the most satisfactory method for determining 
frozen water in fresh tissue. 

Briefly the method consists of accurately measuring the change in tem¬ 
perature of a known quantity of water by the addition of the frozen mate¬ 
rial. The temperature of the frozen sample is read immediately before it is 
dropped into the water. The ice formed in the tissue greatly increases the 
heat required to warm the sample, and if the weight of the material is 
known the free or frozen water may be calculated from the following 
equation: 


(T,-T4)-SW(T, + T0 



In the equation: 

X r= grains of free water 
(Tj- T 4 ) = temperature change in water 
S = specific heat of material 
W = weight of material in gm. 

(T... + T 4 ) = total temperature change in sample 
T-j =: temperature of sample while frozen 
80 = calories of heat per gm. of ice. 

The equation given is incomplete, in that corrections are omitted for the 
influence of the apparatus and room temperature upon the temperature 
change in the water. A detailed discussion of the method is presented by 
Robinson.* 

The equation requires the use of the specific heat of the material under 
experimentation. With a number of samples the additional labor involved 
in making this determination is no small item, since the specific heat of each 
sample (determined from its duplicate) should be known for accurate 
results. 

A study of the comparative hardiness of fifteen apple varieties at Iowa 
State College has shown that this additional determination may be elimi¬ 
nated, and the specific heat calculated directly from the water content of 
the fresh tissue. Since water has a higher heat capacity than any liquid 
or solid knowm, it should be an important factor in a measure of the specific 
heat of any fresh tissue. Figure I indicates that w^ater is the determining 
factor, and that specific heat is almost perfectly correlated with the per¬ 
centage of w’ater of the tissue. 

The position of the regression line w^as calculated from 65 observations 
made on current-season apple shoots taken at intervals throughout the 
period from May to December, 1931. A positive correlation (between 

^Bobinson, Wm. Relation of liydrophilic colloids to winter hardiness of insects. 
Colloid Symposium Monograph 6 : 199-2]8. 1927, 
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Fio. 1. Relation of specific lieat and percentage of water in apple slioots. 

specific heat and the percentage of water in the wood) of 0.9475 was ob¬ 
tained in these samples. According to Wallace and Snedecok/ a correla¬ 
tion of 0.314 is statistically significant, and the high correlation obtained 
makes it evident that the specific heat of any sample may be read with more 
accuracy from the graph than it can be measured from its duplicate. Using 
the graph, all that is needed to obtain the specific heat of a sample of green 
apple wood is its percentage of water. In a more convenient form the data 
may be arranged as shown in the scale below the graph. The value of such 
an arrangement is obvious when a number of determinations on similar 
material are to be made.—AnviL L. Stark, Iowa Agricultural Experiment 
Station, Ames, Iowa. 

* Wallace, H. A., and Snimooe, G. W. Correlation and macliine calculation. Iowa 
State College Official Pub. 30: no. 4. 1931. 
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FIELD PROPAGATION OF COTTON BY MEANS OP GRAFTS^ 

Grafting as a method of reproducing cotton asexually first received the 
attention of the writer in 1930. The results secured from these earlier 
trials demonstrated the practicability of grafting cotton under greenhouse 
conditions.^ The present report gives the results of a grafting experiment 
conducted during the fall of 1930 to determine the feasibility of grafting 
cotton plants under field conditions. 

The Lone Star variety of cotton was used in this test and the plants 
had already matured bolls before the grafting was commenced. The saddle- 
graft method was used on all plants and the individual grafts were made 
^^ith the minimum lapse of time between cutting the scions and placing 
them. The stocks remained in the soil with their roots undisturbed in 
each case. 

Tlie field grafting was done on September 18, 19, 21, and 22, under a 
schedule that provided for work from 1 to 10 p. m. for two of the days, and 
from 4 to 11 a, m, for the others. A 500-watt lamp was used to illuminate 
the field for work during darkness. By distributing the grafting through¬ 
out the day a wider range of field conditions was introduced. The most 
important variable was the temperature, 'which ranged from 68° to 93° P. 

After the grafts were completed, they were allowed to remain in the 
field undisturbed for approximately thirty days. During the development 
of the unions, the average temperature was 72° P. with an average daily 
fluctuation of 22° F. In making the final observation, only those grafts 
that had started stem growth and withstood considerable pressure after 
the paraffin and twine were removed were considered successful. A total 
of 220 grafts was made and 87.2 per cent, of them were successful. Also 
the percentage of successful grafts increased wdth each additional day^s 
experience. The percentages of successful grafts for September 18, 19, 21, 
and 22 were 73.3, 88.8, 90.0, and 100.0 respectively. It is quite evident 
from the results secured that cotton can be grafted successfully under a 
wide range of field temperatures.—H. E. Rea, Texas Agricultural Experi¬ 
ment Station, Substation no. 5, Temple, Texas. 

1 Contribution from the Division of Agronomy, Texas Agricultural Experiment Sta¬ 
tion. Approved by the Director as Technical Contribution no. 228. 

2 Rea, H. E. Grafting experiments with cotton. Plant Physiol. 6: 193-196, 1931. 




NOTES 


Annual Meeting.^—As the January number of Plant Physiology 
approaches publication, the ninth annual meeting program is in an ad¬ 
vanced stage of preparation. The program committee has worked tirelessly 
to provide an excellent series of meetings. The members of this committee, 
of which Dr. John W. Shive of the New Jersey Agricultural Experiment 
Station is chairman, deserve great praise for the work they have done. No 
•one who has not been in charge of the preparation of such a program 
realizes the amount of detail that must receive attention to insure a success¬ 
ful and satisfactory meeting. Atlantic City will provide a high mark for 
the emulation of future committees. 

Barnes Award.—The Charles Reid Barnes life membership commit¬ 
tee, consisting of Dr. W. F. Loehwinq, Iowa, chairman; Dr. C. G. Deubee, 
Yale; Dr. R. P. Hibbard, Michigan State College; Dr. E. S. Johnston, 
Smithsonian Institution; and Dr. R. S. Girton, Purdue, has selected Dr. 
Charles F. Hottes, Professor of Botany at the University of Illinois, as 
the 1932 life member. There are now eight members who have been hon¬ 
ored by the Society in this manner. The award was established at the 
Kansas City meeting in 1925, the first award being made at Philadelphia 
in 1926. A double award was made in 1929. 

Dr. Charles Frederick Hottes was born at Mascoutah, Illinois, July 8, 
1870. His undergraduate work was done at the University of Illinois, and 
his graduate work began in the same institution. He received his bachelor’s 
degree in 1894, and his M.S. in 1895. Later he studied in Europe, and 
holds the M.A. and Ph.D. degrees from the University of Bonn. The latter 
degree was conferred in 1901. He has served the University of Illinois 
since 1895, except for the period he spent in Europe: assistant in botany 
1895-1898; instructor 1901-1902; assistant professor 1902-1913; professor 
of plant physiology since 1913; and head of the Department of Botany since 
1928. He has also been consulting plant physiologist for the Department 
of Agronomy, and is the only member of the Arts and Science faculty to 
be also a member of the agricultural faculty in the University. Dr. Hottes 
has always been an inspiring teacher, and has distinguished himself in the 
field of cellular physiology, particularly experimental cytology. He has 
also shown great ingenuity in the designing of apparatus for the control 
of environment of plants. The Society has been greatly honored by the 
committee’s action. 
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Executive Committ^.—The Executive Committee of the American 
Society of Plant Physiologists for 1932-1933 consists of the following 
members: Dr. Dennis R. Hoagland, Dr. C. 0. Appleman, Dr. W. A. Gard- 
NEB, and Dr. W. E. Tottingham, as present and past ofiBeers, and Dr. F. B. 
Chandler and Dr. II. R. Kraybill of the Minnesota and Purdue sections 
respectively. 

Physical Methods.—The present constitution of this committee is as 
follows: Dr. Earl S. Johnston, Smithsonian Institution, chairman; Dr. 

A. L. Bakke, Iowa State College; Dr. R. B. Harvey, University of Min¬ 
nesota; Dr. D. R. Hoagland, University of California; and Dr. William 
Seifriz, University of Pennsylvania. It is expected that invitation papers 
dealing with physical methods of research will be prepared under super¬ 
vision by the committee, and published in Plant Physiology from time to 
time. 

Memorial Committee.—This committee has charge of all memorial pro¬ 
grams. At present it consists of Dr. P. M. Andrews, Indiana University, 
chairman; Dr. Charles P. Hottes, University of Illinois; and Dr. C. 0. 
Appleman, University of Maryland. This year tlie memorial program 
commemorated the centennial of the birth of Sachs. The program was par¬ 
ticipated in by Section G of the A. A. A. S., the Botanical Society of 
America, the Phytopathological Society of America, and the American 
Society of Plant Physiologists. On the program, representing three of these 
organizations, were three outstanding American botanists. Dr. Charles 

B. Allen represented Section G of the A. A. A. S., Dr. Douglas H. Camp- 
BBiAi represented the Botanical Society of America (paper read by Dr. J. 
G. Peirce), and Dr. Rodney H. True represented the American Society of 
Plant Physiologists. This meeting brings to a close the Society's com¬ 
memorative program for 1932. The committee in charge of this feature 
did excellent work and deserves much credit for the splendid program. 

Finance Committee.—The Finance Committee has been reappointed 
with the same personnel as for the last three years: Dr. Cpiarles A. Shull, 
University of Chicago, chairman; Dr. Walter Thomas, Pennsylvania State 
College; and Dr. Burton E. Livingston, Johns Hopkins University. Any 
one desiring to contribute, either in a large or a small way, to the several 
funds operated by the Society is invited to communicate with the chairman, 
or with the secretary-treasurer, Dr. Wright A. Gardner, Alabama Poly¬ 
technic Institute. 

Support.—We wish to appeal again to our present members to maintain 
membership through the financial crisis if at all possible. Or if this is not 
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possible, we urge that the member try to find some one to take his place on 
the Society’s roll of members. During the past seven years the cost of 
publishing Plant Physiology has been cautiously increased as the Society 
enlarged, until each member now pays for less than he receives. As long 
as there was active purchase of back numbers, this could be done safely. 
At present this income is greatly reduced, and it is necessary to depend on 
current dues and subscriptions for the entire.cost. If we are to avoid cut¬ 
ting into our reserves, our plans for volume 8 must consider the possi¬ 
bility of reduction in size of the volume unless the current income remains 
steady. The editors will make such a reduction if necessitated, but as there 
are many manuscripts on hand, it would mean delayed publication of those 
already accepted and the necessary rejection of many good manuscripts. 
It costs well over $4,000 per year to publish the journal, and maintenance 
of our membership and subscription lists at their present size is the only 
means of securing this amount to publish the volume of 1933. Plant 
Physiology is meeting a real need in the field of scientific journalism. 
Your help is requested to maintain it in unimpaired efficiency. 

Manuscripts.—^It is necessary to remind our contributors that tables and 
cuts should be used sparingly. It is unfortunate that these two items make 
up so large a part of the costs of printing. The editor has noted an increase 
in the percentage of space given to tables and figures in recent papers. The 
January and April numbers are overloaded in this regard. Please study 
manuscripts before submitting them, with regard to the possibility of 
describing the results other than in tabulated form, and with only an occa¬ 
sional graph or photograph. Papers with one or two tables and a photo¬ 
graph or two are not expensive; but when many full-page tables are in¬ 
cluded in a single paper, the costs become prohibitive. If writers will 
maintain a sense of responsibility toward the costs of printing, knowing that 
they can never pay to the journal anything but a fraction of the costs of 
publishing their owm writings, it will be very helpful. If Plant Physiology 
were heavily endowed, of course, colored plates could be included and all 
the tables and cuts required for extensive presentation of work could be 
accommodated. It seems better at present, however, to work on the theory 
that good research can be done without overloading the expensive features 
of publication. 

The editor desires to state that it is no longer our policy to accept carbon 
copies of manuscripts; an original typewritten copy must be supplied. 

Minnesota Section.—^The Minnesota Section of the American Society of 
Plant Physiologists has arranged its program for the year 1932-1933 as 
follows; 
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Nov. 1, 1932, Winter hardiness in plants. 

Doe. 13, 1932, The effects of certain toxic sub¬ 
stances on the catalase activ¬ 
ity of plants. 

Jan. 3, 1933, Gases in trees. 

Peb. 7, 1933, Factors affecting lycopin forma¬ 
tion in plants. 

March 7, 1933, Drought resistance in forest 
vegetation. 

April 4, 1933, Recent developments in the the¬ 
ory of the toxic action of 
wood preservatives. 

May 1933, Hardiness in strawberries. 


Dr. S. T. Dexter 

Raymond Landon 
Warren Chase 

Alfred Vogble 

Dr. Hardy L. Shirley 


Dr. Henry Schmitz 
Ernest Angelo 


Members of the Society visiting the Twin Cities are invited to meetings 
of the local section. 


Statistical Methods.—The fourth edition of R. A. Fisher's monograph, 
Statistical Methods for Research Workers, has been received. The third 
edition was issued in 1930 (Plant Physiol. 6; 440. 1930). This work is 
one of the best sources of information available for the biometrician. It is 
designed for use with such numbers of data as are usually obtainable in 
biological work. The main changes in the fourth edition are as follows: 
An additional section on the analysis of covariance has been added at the* 
close of Chapter VIII, on the Analysis of variance; and the part played 
by the covariance has been emphasized in chapters to which this discussion 
is pertinent, mainly Chapter V. There are a number of changes also in 
Chapter HI, on Distributions, the appendix of which has been entirely 
rewritten. There are no other changes of consequence. The book is pub¬ 
lished by Oliver and Boyd, 33 Paternoster Row, London; and the price is 
15 shillings net. 
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SAP HYDRAULICS 
Edwin Drshlbb Woodhousb 
(with eleven figures) 

Introduction 

In animals, the chief function of gas exchange in the lungs is to supply- 
oxygen for, and to remove the products of respiration, whereas in plants the 
chief function of gas exchange in the leaves is to supply carbon dioxide for 
photosynthesis. Since the protoplasm of the plant or animal body contains 
a high percentage of water, it is inevitable that both of these processes are 
accompanied by a loss of water in the form of gas, i.e., water vapor. How¬ 
ever, since there is seven hundred times as much oxygen as carbon dioxide 
in the air (96), which is the normal environment of plants and animals, the 
latter can obtain that which they need from a smaller voltfine of air than 
can plants. Consequently, being necessarily exposed to a larger volume of 
air, a greater amount of water is evaporated from plants than from animals, 
and that which is of minor importance in animal physiology becomes one 
of the major problems of plant physiology. 

To replenish the enormous water loss (19, 74) accompanying gas ex¬ 
change in the leaves necessitates the movement of water through the plant 
body from the roots to the leaves. Aside from preventing the desiccation 
of the plant, this water movement and loss may be of minor ben^t to the 
plant (110, 9, 64,28, 88) in its life processes; nevertheless, it is of sufficient 
magnitude to arouse the interest of the observer. The warm dry air preva¬ 
lent during summer in California provides a situation particularly favor¬ 
able for the observation of these phenomena. If any one phase be studied 
alone, without due consideration of its relationships to plant physiology as 
a whole, erroneous concludons may be reached such as those implied by 
references in the literature (98,27) to the transpiring ‘^power^’ of plants. 
Consequently, the writer's observations of the transpiration stream have 
included studies of the entrance of the water into the roots, the passage of 
that water through the plant, and its exit through the leaves. This inclu- 
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give subject I have termed *‘sap hydraulics/' and the present study is the 
continuation of a previous one bearing the same title (109). 

Copeland (22) gives a review of the early literature on this subject, 
followed by a bibliography including 174 titles. Burgerstein (20) j pre¬ 
sents a bibliography with nearly 1,200 titles up to April, 1925. Although 
but a portion of the total available, the writer has examined an additional 
hundred pertinent references appearing since that date. Miller (69) also 
presents excellent bibliographies. It is obvious that any attempt at a com¬ 
plete review of the literature on this subject would require a monograph. 

A consideration of plant anatomy and physiology as a background for 
sap hydraulics shows that the transpiration stream moves through a system 
of vessels, the walls of which are wet by water continuous with that which 
it is conducting. This xylem is surrounded on all sides and terminally 
by living cells. Conduction of nutrient materials takes place through the 
phloem by diffusion through the protoplasm, particularly of the sieve tubes, 
aided by protoplasmic streaming; or by diffusion through the cell walls,- 
aided by concentration gradients and mass flow as recently proposed by 
Crafts (27); or by a combination of the two. 

1. Entrance of water into roots 

The region of entrance of water into the root has been determined by 
CoupiN (24, 25, 26), Priestley et al. (77, 78, 79, 80, 81, 82, 90, 91) and 
PoPEsco (76). They are in agreement that the region of maximum absorp¬ 
tion under conditions of plentiful w^ater supply lies below the region of root 
hairs and that the latter are not indispensable, although Priestley points 
out that, under conditions of deficient soil moisture, they greatly increase 
the surface area of the root in contact with the soil. Since it is now’ knowm 
(21, 49, 57, 106) that there is but little movement of moisture in the soil 
under such conditions, and that the roots have to grow to it, the significance 
of Priestley's observation is readily appreciated. 

The upper limit of the absorptive area is determined by the deposition 
of waxy materials in the cell walls of the endodermis. The lower limit may 
be the terminal embryonic region. Priestley's observation that this region 
offers a continuity with the protoplasm of the endodermis is morphologi¬ 
cally correct; but his contention that no water is absorbed by this region is 
based upon observations, the insufficiency of which is shown by his later 
work. 

In his earlier work Priestley made use of dyes in his determinations. 
He now emphasizes his agreement with other workers (4, 5, 14) that water 
entry and salt entry are distinct processes, using, as evidence, some of the 
very dyes from both the acid and basic groups which he had used in at¬ 
tempting to delimit the zone of water entry. 
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The writer has performed experiments with four of the dyes used by 
him, namely, methyl green, acid green, malachite green, and neutral red. 
These dyes were added to dilute lithium nitrate solution as a medium for 
water cultures of corn, sunflower, buckeye, and willow plants. In every 
instance the lithium passed up the stem as shown by spectroscopic test, 
while not the slightest trace of the dye could be found. These experiments 
merely emphasize the independence of movement of the water and the dye 
dissolved in the water, as elucidated by Sachs (86). The same conclusion 

Maturat/on ofXy/em 

IN nOOTS 

compaf^i^on txi cfev^^opm ent 
of other tissues. 



Fig. 1. Longitudinal section of Cosmos sp. root tip showing relationship of matur¬ 
ing xylem vessels to other tissues, x 70. 

was reached by the use of a fifth of these dyes, eosin, on potted plants of 
eucalyptus. The eosin diffused into the roots so slowly, even in 24 hours, 
that it did not appear in the xylem at all. 

PoPESco^s conclusions are therefore to be preferred, namely, that some 
mter may be absorbed by the embryonic region of the root for growth at 
that point. Absorption of water for the vessels takes place between the 
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level at which the differentiation of vessels begins up to the level at which 
the endodermis is suberized, with a maximum at the lower limit of the re¬ 
gion. Since spiral tracheae can be found within 1 mm. of the root tip 
(fig. 1), and CoupiN immersed his root tips 2 to 3 mm., his conclusions are 
not in discord with those of Popesco. 

Considering next the mechanism of water entry; under conditions of 
rapid transpiration or deficient soil moisture, where the water in the ves¬ 
sels is under tension, that tension may be transmitted through the tissues 
of the root to the soil moisture, drawing the water into the root without the 
intervention of any osmotic phenomena. The fact that passageway cells 
in the endodermis opposite the xylem points are at the level of developed 
root hairs is of significance. 

Under conditions of plentiful water supply, Priestley (loc, cit,) ex¬ 
plains water entry and root pressure by an osmotic gradient between the soil 
solution and the inside of the endodermis, set up by the liberation of solutes 
wlien the cell membranes of the differentiating xylem break down and- 
become permeable. This would necessitate active growth for the manifesta¬ 
tion of root pressure, and is in accord with the observations presented 
herewith. However, in the case of Colocasia at least (Flood 38), this 
would necessitate the assumption of resorption of the solutes. After the 
protest of Blackman (11), Priestley presented evidence to justify this 
assumption. An alternative mechanism will be presented which does not 
necessitate this assumption and which is in better accord with root anatomy. 

2. Guttation experiments showing correlation between active 
growth and root pressure 

In a previous study on sap hydraulics, I have shown that guttation is 
not due to any local glandular action, but rather to hydrostatic pressure 
arising within the roots. This is in accord with the observations of Flood 
(38) and Lbpeschkin (66). 

In the present study use has been made of a large abandoned cistern 
located under the experimental glass-house of the Stanford Botany depart¬ 
ment. The natural environment provided by this cistern is such as to make 
artificial control of conditions unnecessary. Seepage water affords a con¬ 
stant and practically saturated atmosphere. The temperature in the 
absence of a light is constant, over a considerable time. 

A series of five experiments was run on seedling wheat and barley, and 
one on nasturtium. It was necessary to use powdered sulphur on the 
surface of the soil in order to keep down the growth of fungi. 

Experiment 1, started February 11,1931; temperature 20® C.; no light. 

A pot of seedling wheat was placed in the cistern. Water of guttation 
was wiped off the leaves for the next five days. There was no guttation on 
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the sixth day. Placing the pot in a pan of water produced no guttation, 
showing that the amount of water at the roots was not a limiting factor. 
On the seventh day the pot was placed under a bell jar and removed to the 
basement, thereby subjecting the plants to a drop in temperature of 5.5® C. 
This produced but very slight guttation. 

By this time the plants were pale green in color, due to growth in the 
dark. On the evening of the eighth day, the bell jar was placed under a 
strong light. The following morning there was some injury from the heat 
of the light and the plants were returned to the cool basement. The next 
morning there was copious guttation, even on the tips of leaves completely 
desiccated from heat injury. 

Experiment 2, .started February 11,1931; temperature 20® C.; no light. 

Wheat seeds were germinated in a pot of soil under a bell jar with an 
excess of water. There was alight guttation on the tips of the* seedlings. 
On the third day following germination, the lid was removed from the 
cistern for several hours, permitting sunlight to enter. The following day 
all of the seedlings showed marked elongation and active guttation. 

Experiment 3, started April 27, 1931; temperature 21® C.; no light. 

A pot of seedling wheat was placed under a bell jar, with an excess of 
water. Guttation had ceased by the seventh day. The plants were again 
a pale green. 

At 10:30 on the morning of the eighth day, a 200-watt nitrogen-filled 
Mazda lamp was suspended about a meter above the bell jar and turned on 
for just five minutes. Four hours later, guttation had been resumed by 
one of the plants. • The light was then turned on for a full hour, producing 
copious guttation against a rise of 0.5® in temperature. This observation 
of guttation under a rising temperature led to the following experiment. 

Experiment 4, started May 11, 1931; temperature 21® C. 

A pot of barley seedlings was placed under a bell jar with an excess of 
water at 11:00 A. M. At 1: 30 i*. m. guttation was visible and the 200-watt 
light was turned on. Four hours later the temperature had risen 1®. All 
of the plants were guttating freely. 

By the fifth day the temperature had risen to 23.5® C. The plants had 
been guttating continuously under the rising temperature. On the sixth 
day the temperature had risen to 24° C. and guttation had ceased, probably 
owing to decreased humidity at the higher temperature. That night the 
light was turned off and the cover removed from the cistern. This lowered 
the temperature again to 21® C. The following morning the light was 
turned on once more and the plants resumed guttation. In this,manner 
the plants were made to guttate almost continuously for two weeks. 

Experiment 5, started May 25, 1931; temperature 21° C. 
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A pot of barley seedlings which were grown in a dark room until gutta- 
tion had ceased, even with an excess of water at the roots, was placed in the 
cistern under a bell jar with an excess of water. These seedlings had made 
good growth and showed guttation on two or three blades only when placed 
under the bell jar. The light was then turned on, but no additional gutta¬ 
tion could be produced. Even placing the bell jar with the plants in an 
ice-box did not produce guttation. 

This experiment was repeated with a mature water culture of wheat 
which had developed a head. No guttation could be produced by illumina¬ 
tion, decreased temperature, or increased humidity of the atmosphere. 

Experiment 6 . A potted nasturtium which had ceased active growth 
was placed under a bell jar with an excess of water. The nasturtium is a 
standard plant for experiments on guttation; nevertheless this plant did not 
guttate even though the conditions were such as to cause condensation of 
water in the bell jar. In another instance such a plant was caused to 
resume guttation by repotting and allowing new root growth to occur. 

Conclusions 

These experiments show that even under conditions of lowered tempera¬ 
ture, high relative humidity, and an excess of water in the soil—all of 
which are favorable to guttation,—plants will not show this phenomenon 
unless actively growing. If actively growing, then, with an adequate water 
supply and a high relative humidity, plants will continue to guttate even 
in a rising temperature. 

Since guttation is a manifestation of root pressure, the latter is produced 
only under conditions of active growth. 

3. Alternative hypoUiesis for water entry into roots 
in absence of tension forces 

Knowing that root pressure is developed only under conditions of active 
growth, a review of root anatomy leads to the following explanation of 
water entry in the absence of tension forces from transpiration, extending 
the mechanism of Pfefper (75), Blackman (11), and Munch (71). 

The root is terminated by a region of actively growing embryonic cells. 
In the process of growth, cells absorb large amounts of water. Therefore 
the cells of the root tip will absorb water directly from the soil for this 
purpose; the cells of the root cap beyond the embryonic region have no 
easier means of obtaining it. 

The enlarging cells above the embryonic region may also absorb water 
for growth directly from the soil. In addition to water, however, these 
cells and the terminal meristem itself need large amounts of nutrients which 
are brought in solution through the phloem. These solutes, by metabolism, 
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will be incorporated into the substance of the cell. The excess solvent, after 
providing water for growth, will be expelled by the path of least resistance. 
The active growing point is on the inside of the root and the maturing 
vessels are also on the inside of the root; consequently the excess water will 
be expelled into the vessels of the xylem. The endodermal sheath will tend 
to prevent the escape of any water. 

In the region of the root where maturation is taking place, the phloem 
occupies as much as nine-tenths of the circumference of the stele adjacent 
to the endodermis (fig. 2). The phloem is carrying, either in solution or 




Fig. 2. Transverse section of stele of Salix lesiolepia root shomng small amount of 
xylem adjacent to pericycle and endodermis at point of maximum water entry where 
l)rimary xylem elements are maturing, x 150. 


chemical combination, a higher concentration of nutrients (or in other 
words, a lower concentration of water) than the adjacent tissues. Conse¬ 
quently it is natural that water should be drawn through the endodermis 
into the phloem. Then, following the process of growth in adjacent matur¬ 
ing cells, or those nearer the growing point, that same water will be expelled 
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into the xylem as the path of least resistance. Small amounts of solutes 
may be carried with the water, varying with the protoplasm of the plant 
in queation. In this manner a hydrostatic pressure may be created, giving 
rise to guttation of water containing only traces of solutes and without 
invoking any mechanism for resorption. 

After tension is created under rapid transpiration, water will be drawn 
directly into the xylem through the passage-way cells in the endodermis at 
the xylem points. 

This explanation would seem to be in better accord with root anatomy 
than is that offered by Priestley. 

4. Movement of water through vessels 

The foundations for sap hydraulics were laid by Hales (41) in 1727. 
He first called attention to the magnitude of transpiration. He also gave 
proof ... of the serviceableness of the leaves in drawing up the sap’^ 
through ‘‘perspiration, by the action of warmth^' and “the great force with' 
which plants . . . imbibe moisture up their capillary sap vessels, “ . . . 
“also of the sap’s freely either ascending or descending, as it shall happen 
to be drawn by the perspiring leaves.” “And that plants can plentifully 
imbibe moisture through their stems and leaves as well as perspire it. ’ ’ 

When it was found that capillarity alone was inadequate to account for 
movement through the xylem, other mechanisms were invoked, such as the 
alleged lifting power of a Jaminian (46) chain of air bubbles, or the pump¬ 
ing effect of living cells, advocated even today by Bose (16, 16,17). 

Although living cells in the leaves may be necessary for transpiration, 
it has been shown that the actual movement of the water through the xylem 
vessels constitutes a problem in hydraulics. That living cells along the 
conducting tract, although they may be of value, are not a necessity, is 
brought out by the w^ork of Stuasburger (100,101), Overton (73), Renner 
(84), ScHMUCKER (89), and MacDougal, Overton, and Smith (66). 

The simple physical nature of the problem is further brought out by the 
experiments on reverse flow and absorption by leaves performed by numer¬ 
ous investigators, including Hales (41), Dandeno (30), Wetzel (108), 
Arndt (1), and Harvey (43). The application of hydraulics is further 
developed by the correlation of movement through the vessels with 
Poiseuille’s (48) formula for capillary tubes made by Ewart (37), and 
the even closer correlation between rate of flow and vessel diameter for 
different sizes of vessels made by Fubr (39). 

The search for some simple physical mechanism has revealed but two 
which have attained general favor with botanists; the imbibition theory of 
Sachs and the tensile column theory of Dixon and Askenasy. 
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Sachs (86, 86, 87), following TJngeb (104), conceived of the sap as 
imbibed in the cell walls, even as water of crystallization is bound in a 
crystal. In such circumstances the weight of the water is eliminated as a 
factor in sap hydraulics. Because Sachs insisted that imbibition was a 
phenomenon distinct from capillarity, Copeland (22) concluded that, ‘‘This 
robbed the imbibition theory of its foundation in established physics.*’ 
Both Sachs and Copeland were correct. Langmuir (62), followed by 
McBain et al, (68) and Hardy (42), had not yet developed their theory of 
sorption now accepted in established physics and confirming Sachs* ideas. 
It was not because of this, however, but because he thought that the water 
moved only through the walls of the vessels, that his theory was displaced. 
Plugging experiments showed that the water moved, for the most part, 
through the lumen of the vessels. 

Dixon (31, 32, 34, 36) and Askenasy (2, 3) independently developed 
a theory of sap hydraulics which had been earlier suggested as a possibility, 
as related by Askenasy. They postulate tensile stress generated in the sap 
at the mesophyll cells of the leaves, transmitted the length of the stem 
through the cohesive force of water, made possible ‘‘only when it is adhering 
completely to a rigid envelope which confers on the liquid a pseudo¬ 
rigidity.” 

That tension forces exist in the trunks of trees there can be no doubt. 
That they may amount to several atmospheres is possible. That they are 
not usually suflRcient even to balance the atmosphere and produce a zero 
pressure is shown by the manometer results obtained by Jones et al, (47), 
Ewart (37), Reindbrs (83), quoted by Overton (73) and Priestley et al, 
(79), Copeland (23), Huber (44), and MacDougal (64). These works 
instance greater tensions found at lower levels, which is the reverse of that 
which should be found in a tensile column. Although he estimated higher 
tensions, Nordhausen (72) reached the same conclusion. Also, a careful 
examination of MacDougal ’s figures suggests that higher tensions fre¬ 
quently go with atmospheric conditions favorable to the tree, causing a 
reduction in transpiration. Such results have caused most of these inves¬ 
tigators to question the tensile column theory. 

6. Experiments showing need of modifying tensile column theory 

In an experiment with Pittosparum undiUatum, Peirce and his students 
obtained after several hours a rise of 49 cm. of mercury, owing to the tension 
set up by transpiration. Air then appeared at the lower end of the branch, 
and the column of mercury fell. This was interpreted as an indication that 
the xylem walls permit air to penetrate before such tensions are created as 
would be required in tall trees, under the Dixon-Askenasy hypothesis. As 
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a result of this experience Peirce expressed his doubts as to the adequacy 
of the tensile column theory at the Pasadena meeting in 1931. 

Working with fragments of xylem from conifers, Bailey ( 8 ) found that 
‘‘the surface tension of sap in the pit membranes of various conifers can 
be overcome by pressures of less than three atmospheres, ’ ^ and consequently 
expressed the same doubt. 

Copeland (22) reports similar experiments by a number of investiga¬ 
tors, all of whom arrived at the same conclusion. 

Although the procedure is not new, a number of such experiments were 
performed with apparatus as illustrated in figure 3, and results obtained 



Fig. 3. Apparatus for demonstrating suction tension from transpiration. 

which make a significant addition to those already reported. 

With Bicinus communis, on June 12, under outdoor summer weather, in 
five minutes a column of mercury was obtained nearly equal to that obtained 
in the laboratory in a number of hours. The tension was probably greater 
in the xylem vessels than the 46 cm. of mercury indicated, since the latter 
was the net result of the water tension and the force with which the air was 
entering. Also there must have been internal injury from the air passing 
through the xylem where ordinarily it would have entered and become static. 
This experiment was repeated on July 3, a day on which the local maximum 
temperature record of 26 years’ standing was officially exceeded. The 
curves showing the rise of the mercury plotted against time, together wdth 
the temperature, relative humidity (from Marvin’s tables, 67), and evapora¬ 
tion^ from a Livingston standard white porous cup atmometer, are shown 
in figure 4. On an excessively hot, dry day, when we should expect to find 
a greater tension exhibited by the plant, it is unable to produce the results 

1 Courtesy of Mr. Delzie Dbmaree. 
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Fig. 4. Eecord of Hiiction tensions generated by Bicinua communis under widely 
different atmosplierU* conditions. 

obtainable on a more favorable day. MacDougal's work, previously men¬ 
tioned, was suggestive of the same thing. 

Since tliere is a higher rate of transpiration on a day when smaller 
tensile forces are exhibited, some other factors must enter into a considera¬ 
tion of sap hydraulics. 

The following experiment is suggestive of an explanation for the mecha¬ 
nism of sap hydraulics. In attempting to demonstrate tensile forces in 
water, a glass U-tube, 14 m. in height, was constructed in a stair-well of the 
Botany building at Stanford University. The tube was approximately 1.75 
mm. inside diameter, and sections were joined with a sleeve of larger tubing 
held in place by DeKhotinsky cement. At the bottom, as an integral of the 
tube, was a reservoir with a connection to a second bottle, so that the tube 
could be filled from the bottom by pressure on the latter, thereby eliminating 
air bubbles. The top of one arm of the U-tube was connected by a stopcock 
to a vacuum system. It was hoped that the velocity of the water, descending 
in one arm of the tube and rising in the other, combined with its cohesive 
properties, would carry it to an elevation greater than the barometric 
column. Unlike Askenasy ( 3 ) and Thut ( 102 ), under the conditions of 
this experiment no tensile column was obtained. The water entered the 
vacuum chamber in spurts, and numerous bubbles formed in the column. 

With the aid of a steel piano wire, a thread of white darning cotton 
(J. & P. Coats 4 ends of 2 ply) was run through the ascending arm of the 
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U-tnbe and the experiment repeated. Although the rate of flow was re¬ 
duced, no bubbles appeared and the flow into the vacuum chamber was 
uniform, emphasizing the importance of the wettable wall to which Dixon 
has called attention. 

The vacuum chamber was then disconnected and the rate of downward 
flow due to gravity was measured through the tube with the thread. The 
results are plotted in figure 5. As the height of the hydrostatic column 



Fig. 5. Downward flow^ due to gravity, of water through a 1.75 mm. glass tub© 
containing a thread of darning cotton. 

decreased the rate of flow increased, showing sorption by the cellulose of 
the cotton to have been a more important factor than the attraction of 
gravity. The break in the curve at the height of 6 m. is probably due to 
some irregularity in the diameter of the tube. Repetition gave duplication. 

A cross-section of this thread, when imbedded in paraffin within the tube, 
occupied 30 per cent, of the lumen of the tube. Planimeter measurements 
on camera lucida drawings of xylem vessels from twelve or more different 
plants show that the wall material, considering the middle lamella as the 
boundary of the lumen, occupies anywhere from 15 to 75 per cent, thereof, 
the proportion being higher in smaller vessels. These comparisons are pre¬ 
sented in figure 6. 

This experiment shows that under conditions simulating a xylem vessel, 
sorption can aid in supporting the weight of the water. In a xylem vessel 
this would be even more marked, so that any hydrostatic pressure in the 
tree might be eliminated. 

6. Combined tensile fluid-imbibition theory 

The forces controlling water movement in the plant are those of osmosis, 
sorption, or imbibition by cellulose walls and protoplasm, and the cohesive 
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forces in water itself. A balance is maintained among these forces. Shull 
(96), in considering this balance, calls attention to the fact that the force 
of cohesion in water is less **than the adhesion or imbibitional attractions 
between water and wall substance and protoplasm/^ Vines (107) had pre- 
viously offered a similar opinion. Because Leclerc du Sablon (64) over¬ 
emphasized osmosis by living cells in the maintenance of this balance, he 




within fh9 tumen of a tuM 

Fig. 6. Percentage of wall material within the middle lamella of xylem vessels 
compared with percentage of cotton thread within the lumen of a glass tube. 


has been classed as a vitalist. His insistence that “la tige supports suele- 
ment le poids de Tensemble du systeme’^ is overlooked. 

These observations need not detract from the contribution which Dixon 
and Askbnasy have made to sap hydraulics. On the other hand, their con¬ 
tentions should not be permitted to detract from, nor overshadow, the con- 
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tributions of Sachs. •The modern conception of sorption as given by 
Langmuir (62), and developed by Hardy (42) and McBain and Davies 
(68), weld these two theories together into a harmonious whole which can 
satisfactorily explain the mechanism of sap hydraulics. Langmuir found 
that sorbed gases are held in a monomolecular film. In the case of liquids, 
Hardy, McBain, and Davies found that there are oriented chains of mole¬ 
cules attached to the monomolecular films and extending the influence of 
sorption to measurable microscopic distances. The diameter of xylem ves¬ 
sels, which always contain water, as determined by Bode (12), agrees with 
these measurements. Thus it is logical to conclude that the ‘‘wires of 
water are moved by tensile stress, but supported by sorption. 

If to this we add the role of metabolic water in repairing broken columns 
in the xylem vessels, overlooked by Babcock (7) in his consideration of the 
subject but developed by Munch (71), we shall have removed Livingston 
(57) tentative supposition “that if the taut water mass is ever broken in a 
vessel segment, it is never replaced.'' By this addition, the theory of sap 
hydraulics approaches completion. Since MacDougal (59, 60, 61, 63) has 
shown by dendrographic records that growth in trees takes place at night, 
such repairs would take place at night, also. 

Dixon (36) also suggests a zymogenetic secretive function of living cells, 
to prevent the vessels from clogging. 

7. Activating forces in the leaf 

Van Tieghem (103) conceived of transpiration as “chlorovaporization,’’ 
a by-product of photosynthesis. From a study of green and etiolated 
plants. Woods (110) concluded that this process was purely evaporation. 
“It is evident, therefore, that so-called ‘transpiration’ is not something 
which protoplasm does, but something which it resists/^ More recently, 
IwANOPF and Thielmann (46) showed conclusively that transpiration is 
not chlorovaporization. They found from 17 to 60 per cent, increase in 
transpiration on changing from the red-yellow or photosynthetic zone of the 
spectrum to the blue-violet zone. 

Dixon (31, 32, 33, 34, 35) has consistently maintained that transpira¬ 
tion is due primarily to secretory action in the cells of the leaves. In the 
previous study, I showed that water movement in the vessels, in the absence 
of transpiration, was due to water deficit in cells along the vessels rather 
than to secretory action; and that Dixon in his experiments did not allow 
time for a water equilibrium to be established. The comparatively humid 
climate under which he worked did not suflBciently emphasize the rather long 
period of time necessary. Further evidence was also presented against 
secretion through experiments on guttation. This criticism of Dixon has 
been confirmed by the work of Smith, Dustman, and Shull (97). 
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Although designed for another purpose, one of the experiments of Boden- 
BERG (13) with lithium nitrate on Salix offers similar evidence. 

The activating force for the transpiration stream most frequently found 
in current literature is the evaporation of water from the menisci of sub- 
microseopic pores in the walls of the mesophyll cells of the leaves (62, 66, 
69). Shull (95, 97) gives a detailed presentation of the propagation of 
this force into the cell and its conversion into imbibitional and osmotic 
forces. 

Much work has been done by Ursprung (105) and others (10, 70) 
toward evaluating osmotic pressure and suction tension. This work dis¬ 
tinguishes between the suction tension of the cell under normal conditions, 
due to the net result of turgor pressure outward and wall pressure inward, 
and the suction tension of the cell under incipient plasmolysis, due entirely 
to the osmotic pressure of the cell contents. This work does not distinguish 
between the suction tension or pressure due to osmotic pressure developed 
by the cell sap and imbibition pressure or tension developed by the proto¬ 
plasm itself. Of course these three factors of osmosis by the cell sap, im¬ 
bibition by the cell protoplasm, and elastic tension by the cell wall are 
constantly undergoing change in a dynamic system such as a living plant 
cell. 

The work of Livingston (56), Shreve (92, 94), Boswell (18), Dunn 
et al, (36), Meyer (68), and others (see 6 and 40), has developed the 
importance of the latter factor; while Kunkel (51) and Lapic^ue (53) 
would abandon osmosis entirely. In my previous study, on the basis of 
theoretical physics, evaporation against the greater attraction of large 
organic molecules constituting protoplasm was suggested as an alternative 
force for activating the ascent of sap, or, in other words, the force of imbibi¬ 
tion. ‘ ‘ Consequently in this case, also, it would take more than 536 calories 
to evaporate one gram of water, the difference being a measure of the work 
energy available for lifting the tensile columns.” The difference referred 
to is the heat of imbibition readily demonstrable in a Dewar flask. 

That evaporation against the force of imbibition by the protoplasm may 
be the major factor in activating the transpiration stream is indicated by 
an observation recently made upon some shrubbery growing on the Stanford 
campus. Just before the first week in July, 1931, a mass planting of 
Choifiya ternata and another of Coprosma bmieri were pruned down to a 
uniform height, exposing the shade leaves. This was followed by a period 
of record-breaking, hot, dry w^eather (fig. 4). The shade leaves were desic¬ 
cated, while other leaves upon the same plant, but previously exposed to the 
sun, were uninjured. Since Sponsler (98, 99), by X-ray crystal analysis 
methods, has shown a remarkable uniformity to the molecular structure of 
cellulose, it is difiicult to conceive of any difference in the submicroscopic 
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pores of the cell walls; ^nd the tension exerted upon the water from evapora¬ 
tion in these pores would be the same in both cases. In the case of the shade 
leaves, this tension was not sufficiently transmitted through the protoplasm 
as imbibition pressure to provide the tissues with adequate water. In the 
hardier sun leaves, the protoplaan was able by imbibition to obtain and 
keep sufficient water to prevent desiccation. 

No adequate correlation has been found (Miller 69) which could serve 
as an explanation between the rate of transpiration and the morphological 
differences between the sun and the shade leaves. This does not necessarily 
mean that more water was evaporated from the sun leaves, although 
Zalbnskii (111) has reported such results. Overton (73), in his experi¬ 
ments with Cyperus, found an increased rate of evaporation from leaves 
which had been killed. However, this is merely the process of desiccation 
rather than of transpiration, considered as a part of sap hydraulics; for 
Overton goes on to say, ‘‘the percentage of water contained in the plant 
is very much below that in plants which have not been killed.^’ Peirge 
(74) observed a similar phenomenon in leaves injured by sulphur dioxide. 

Shreve (94) found that “transpiring powerwas inversely propor¬ 
tional to the capacity of leaves to imbibe water. On this basis there would 
be less transpiration from the sun leaves than from the shade leaves, which 
was indicated by the observations on Choisya and Coprosma just given. 
These opposite points of view are reconciled by the work of Kisselew (60), 
who found that more water is transpired from sun leaves than shade leaves; 
but that in the case of Syringa vulgaris and Caragana arhorescens, under 
critical conditions, the sun leaves were better able to resist the transpira- 
tional loss than were the shade leaves. 

Since any osmotic tensions must be transmitted through the protoplasm, 
the imbibition power of the protoplasm becomes the determining factor in 
the activation of sap hydraulics, 

8. Application of tensile fluid-imbibition theory 

MacDougal et al, (66, 66) have found a very marked zonation in the 
conducting area in the xylem of each annual ring for several different trees. 
“In the pine the stream moves through practically all parts of each annual 
ring; in the willow it moves through the late summer wood only of each 
annual layer; in the alder through the early spring wood only; in the walnut 
it moves through the early spring wood and late summer wood of such 
annual layers as have not been transformed into heart-wood. ’ ^ 

When first reported, this zonation was attributed to such anatomical 
features as perforations in the pit membranes, tyloses, and apical connec¬ 
tions with the transpiratory systems in the leaves. In the latter paper it is 
“ascribed to gases in definite portions of each annual layer.’' No explana- 
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tion is offered to account for this latter phenomenon. My earlier study 
offered in explanation the hypothesis that *Hhe transpiration stream flows 
in the largest tracheae in which a tensile column can be maintained in the 
environment of the moment.’' 

lUiat the rate of flow is not the same in all vessels is readily observable 
through the horizontal microscope, using a translucent stem and a dye such 
as eosin. Flow will take place most readily through the larger vessels, since 
there is less friction in them. This can also be observed through the micro¬ 
scope by sectioning a branch, which has been transpiring in eosin solution, 
at the point of farthest advance of the eosin. At the same time flow is 
taking place more slowly in the smaller vessels. 

Moreover, the smaller the vessel the greater the proportion of wet wall 
to maintain the sap under conditions of tension. Therefore, bubbles of gas 
will form in the larger vessels under excess transpirational pull before they 
will in the smaller. In a sufficiently small vessel, the influence of sorption 
may extend sufficiently near to the center of the vessel to prevent the forma¬ 
tion of gas bubbles. 

That these theoretical premises are correct is shown by the work of 
Bode (12), who observed, by careful dissection and direct observation, that 
air entered the largest vessels first. ^‘Dagegen war das Eindringen von 
Luft in Gefasse mit einem Durchmesser unter 10 p nie zu Beobachten.” 

Through the courtesy of Dr. D. T. MacDougal, I was able to examine 
the original slides prepared at the time that the above-mentioned studies on 
zonation were made. Photomicrographs of typical annual rings are pre¬ 
sented in figures 7 to 11, together with a photomicrograph of a stage micro¬ 
meter to the same scale (fig. 9). 

The exactness with which the hypothesis offered fits these cases is further 
evidence in its favor. 

In the pine (no illustration), where there are only tracheids and no 
tracheae, all of the elements are fairly uniform in diameter, with cross walls 
at frequent intervals; therefore there is conduction in all of them. 

In the willow (fig. 7), each annual ring immediately starts off in the 
spring with large vessels, which continue until late summer when the size 
falls off rapidly and they become more numerous. The line of demarcation 
is sharper here than in the other two cases given later. According to my 
hypothesis, under conditions of stress, flow should take place only in the 
last millimeter (or less) of the annual ring. MacDougal et ah report that 
“under midsummer conditions conduction is only in the later summer wood. 
Irrespective of the width of the annual ring, the width of the colored zone 
in the late summer wood is less than a millimeter,” 

In the alder (fig. 8), there are numerous and comparatively small ves¬ 
sels formed in the spring, becoming more numerous and rounded out as the 
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Flos. 7-11.—Fig. 7, photomicrograph of transverse section of an annual ring from 
the xylem of willow. Fig. 8, same of alder. Figs, 10, 11, same of walnut. Fig. 9, 
photomicrograph of stage micrometer at same magnification as figures 7 to 11. 
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season advances, being very few in late summer.; therefore the sap flows 
through the spring wood under midsummer conditions ; my hypothesis again 
correlating with the observed fact. 

In the walnut (figs. 10, 11), it was found that ^‘the dye moves through 
the outer portion of the late summer wood and the innermost portion of 
early spring wood (of untylosed annual rings), leaving an intermediate 
zone through which there is no conduction. The zones of coloration are not 
as clearly defined as in the willow and alder.Applying my hypothesis, 
the reason for this is apparent on looking at the relative sizes of the vessels 
throughout the ring, small ones being formed on both edges with less distinct 
lines of demarcation than in the other two cases. Two rings chosen at 
random were photographed in this case to show the general applicability of 
the theory. 

This hypothesis can be applied in ecological fields. For example, those 
plants with large ducts adapted to transporting water under moist condi¬ 
tions with mild transpiration, such as EcMnocystis, succumb early under 
adverse conditions, compared with those plants having smaller vessels. The 
size of the ducts, to a large extent, is a hereditary factor. I have observed 
Moniia growing in very dry and in very moist habitats, both of which had 
mature vessels 25 p in diameter, the difference being in the number of such 
vessels. The hypothesis that the transpiration stream flows in the largest 
vessels in which an imbibed tensile fluid can be maintained under the 
conditions of the moment should prove to be a valuable addition to sap 
liydraulics. 


Summary 

1. The transpiration stream moves through a system of xylem vessels, the 
walls of which are wet by the water moving through them. The xylem is 
surrounded on all sides and terminally by living cells. Flow through the 
xylem is a problem in hydraulics. The Dixon-Askenasy tensile column 
theory is inadequate. Combined with the Sachs-Langmuir ideas on imbibi¬ 
tion, a satisfactory hypothesis is obtained under which the walls of the ves¬ 
sels imbibe and support the weight of the water moving through them by 
tensile stress. 

2. The corollary is offered that flow takes place through the largest ves¬ 
sels in which an imbibed tensile fluid can be maintained under the conditions 
of the moment. This can explain the observed zonation of conducting areas 
in the xylem, since the latter have vessels of varying diameters in definite 
seasonal zones. 

3. The products of photosynthesis are transported through the phloem 
in solution. This solution is dehydrated when the nutrient materials are 
incorporated into growing cells, the excess water escaping by the path of 



196 


PLANT PHYSIOLOGY 


l«ast resistance. Ajjousideration of the morphological relations of phloem, 
meristematic tissue, and xylem, together with experimental evidence from 
guttation, shows that this phenomenon can account for root pressure and 
serve to repair broken water columns in the xylem. 

4. In the absence of root pressure, the entry and movement of the 
transpiration stream can best be explained through tensile forces, arising 
by insolation in the mesophyll cells of the leaves, and transmitted through 
the forces of imbibition, osmosis, and cohesion. Evaporation against the 
imbibition pressure of protoplasm may be the determining factor in the 
activation of sap hydraulics. 

Depabtmeni of Botany 

Stanford University, California 
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EFFECT OF SOIL TYPE AND AERATION UPON BOOT SYSTEMS 
OP CERTAIN AQUATIC PLANTS 
B. Elizabeth Dean 

(with six pigubes) 

Introduction 

It is well known that the amount and movement of soil air are impor¬ 
tant factors in plant development. Because of the fact that many crop and 
aquatic plants are often forced to develop under conditions of'minimal soil 
aeration, many investigations have been undertaken to determine the effects 
of restricted soil oxygen availability (1, 6, 7, 8, 14, 19, 20, 24). Such 
studies have disclosed that aeration is important in root respiration (8,12, 
20), nutrient absorption (6, 6, 18, 20), rate of elongation (2, 6, 7, 8, 18, 
21, 24), development of hair roots (11, 23, 24), aerenchyma formation (3, 
16, 21), adventitious root development (10, 24^ 26), as well as in modifica¬ 
tions of the gross anatomy of the entire root system (6, 8, 9, 24). The 
many papers reviewed by Clements (8) indicate that the role of oxygen 
in root activity is a primary factor influencing, and in wet soils controlling, 
the functions of the root system that may determine the destiny of the 
plant. But few studies (2, 4, 17) have been made of root response 
in greatly increased soil aeration, although some data are available on the 
effects of culture solution aeration (6,13, 18). 

This report embodies results of an experiment to determine the effects 
of soil aeration, increased well above the maximum usually encountered in 
nature, on several species of plants with relatively low oxygen require¬ 
ments. 

Materials and methods 

Four species of aquatic seed plants, Hibiscus militaris, Acotils calamus, 
Sagittaria latifolia, and Typha latifolia, were selected for use in the inves¬ 
tigation. In the selection of all material of a species, as nearly uniform 
specimens as possible were obtained. All of the plants were placed in tanks 
in 10 inches of soil, with a 6-inch layer of tap water above the soil surface. 

Growth was observed in three types of aerated and unaerated soils: 
clean coarse sand, highly colloidal clay, and muck. The aeration equip¬ 
ment consisted of perforated, coiled brass pipes at the bottom of each tank, 
fed through a pipe attached to the air-line with rubber tubing. Frequent 
titration and H-ion tests were made to check the alkalinity of the cultures. 
Slight alkalinity was partially maintained by the use of weak alkaline tap 
water to replace the water evaporated from the tanks. The investigation 
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i;<ra8 conducted in an'experimental greenhouse with light, humidity, and 
temperatui^ maintained as uniformly as possible. Measurements and 
photographs were made for comparative study of the entire root systems, 
together with details of the characteristic roots removed from the plants. 

Data and discussion 

The results of the root development are given separately for each spe¬ 
cies, and are followed by observations correlating the root and top growth. 
Tables I~IV record the data of the investigation, and show the relative de¬ 
gree of root and top development of the four plants in each type of soil. 

During the 15 weeks of growth period and at the time the plants were 
removed and critically studied, Hibiscus militaris showed several pro¬ 
nounced modifications. The plant in unaerated sand gave early evidence 
of shallow root development, for as soon as the above-ground shoot reached 
a height of a few feet it became top-heavy. After the water was siphoned 
from the cultures, the roots were found growing on and just under the sur¬ 
face of all unaerated soils. The plants were removed, and without excep¬ 
tion the roots in soils of low oxygen content developed a shallow horizontal 
growth in striking contrast to the vertical growth of the roots through the 
aerated soils. Small, dwarfed root systems were pronounced in unaerated 
clay and muck (fig. 1, A, J5). The aerotropic response of root growth to 
the source of air became evident when air was introduced from the bottom 
of the soils (fig. 1, C, D), 

The development of heavy clumps of fibrous roots was found in aerated 
clay and muck. This clumping of roots, not found in sand, was probably 
influenced by soil nutrition. The root primordia were from the old root 
stalk in all soils, although adventitious roots developed 10-15 cm. above 
the root stalk on the plants from aerated substrata. The origin of roots 
from the old root stalk was supplemented by the development of clumps of 
fibrous members from the cut ends of old woody roots in all aerated soils 
and in unaerated sand. 

It is apparent from the data (table I) that roots were modified by aera¬ 
tion. Some of the roots became decidedly woody in aerated cultures, but 
all remained succulent and flexible under unaerated conditions. A com¬ 
parison of results also showed greater elongation of roots in all aerated cul¬ 
tures than in any unaerated soil. The rate of root and shoot elongation 
has been increased by aerating the substratum by Allison and Shive (2), 
Hall, Brenchley, and Underwood (13), and Hunter and Rich (17). 
Retarded growth and injury in higher plants, according to Livingston and 
Free (20), may be attributed to decreased absorbing power of the root as 
a result of deficient soil oxygen. There was likewise more pronounced 
elongation of roots in aerated clay and muck cultures than in aerated sand. 
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TABLE I 

Boot and top devxlopmbkt xn Hibiscus mUitaris in bifpebent soil cultuses 



Boot dimensions 

Plant development 

Sand 

Clay 

Muck 


UN AERATED 

Aerated 

Unaerated 

Aerated 

Unabeated 

AlEsMfBD 


<?m. 

cm. 

cm. 

cm. 

cm. 

cm. 

Average length of woody 
roots . 

0.0 

30-35 

0.0 

60-65 

0.0 

52-58 

Maximum length of 
woody roots. 

0.0 

42.0 

0.0 

80.0 

0.0 

65.0 

Average diameter of 
woody roots. 

0.0 

0.3 

0.0 

0.6 

0.0 

0.5 

Average length of suc¬ 
culent roots .... 

10-16 

20-25 

5-10 

I 

25-30 

! 

2-6 

i 

1 25-30 

Maximum length of suc¬ 
culent roots 

25.0 

30.0 

13.0 

1 

35.0 

10.0 

35.0 

Average length of pri¬ 
mary laterals 

i 

1-4 

4-8 

2-5 

i 

j 5-10 

1-3 

7-12 

Maximum length of pri¬ 
mary laterals 

10.0 

12.0 

j 10.0 

; 15.0 

5.0 

16.0 

Average length of sec¬ 
ondary laterals 

0.0 

0.2-0.5 

0.1-0.2 

i 

! 0.2-1.0 

0.1-0.2 

0.5-1.0 

Maximum length of sec¬ 
ondary laterals 

0.0 

! 1.0 

0.6 

: 1.6 

i 

0,2 

2.0 


Tops 

Number of shoots per 
plant 

1 

2 

i ^ 

5 

2 

6 

Weight of tops in grams 

120 

155 

1 78 

370 

80 

465 


Roots in all soils branched, but though secondary laterals were common in 
roots of all aerated soils, they occurred only occasionally on the surface roots 
of unaerated clay and muck, and never on the plants in unaerated sand. 
Twenty singly branched laterals per centimeter was the maximum amount 
of branching observed in roots in unaerated sand. Frequent branching 
was confined to the proximal portion of these roots (fig. 2, A), and branches 
became progressively shorter, as well as more irregular in length and dis¬ 
tribution, toward the tip. Roots in the sand near the aeration coils showed 
more frequent branching (30 per cm.) of primary laterals near the tip. 
These primary laterals formed 5-20 short secondary branches at their 
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Fig. 1. Hibiscus militaris root system: Aj unaerated clay; stunted root system with short roots develop¬ 
ing only from root stalk of original planting. B, unaerated muck; meager root system with short fibrous roots 
developing from upper part of old root stalk. C, aerated clay; new' w'oody and fibrous roots ramified through¬ 
out entire soil culture and about aeration coils. D, aerated muck; extensive system of new woody roots and 
heavy clumps of fibrous roots; large clump of roots in foreground. 
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proximal ends (fig. 2, D), another character not found on roots from un¬ 
aerated sand. 

Branching of laterals may be observed in roots of both the unaerated 
and aerated clay and muck cultures (fig. 2, B, E, C, F). These root de¬ 
tails show that lateral branches are longer and more numerous on the roots 
receiving additional aeration (fig. 2, D, E, F), The irregular branching 
of laterals of first and second rank on roots from unaerated cultures is also 
in striking contrast to the long, evenly distributed laterals of respective 
rank on the roots taken from a clump near the air-lines. Lateral branch¬ 
ing is restricted to the upper proximal end of roots from unaerated soils, 
but roots supplied with aeration have laterals of first and second rank prac¬ 
tically the whole length of the roots. 

Surface roots in unaerated clay and sand did not possess root hairs on 
branches that projected into the water, but they were found sparingly on 
the same type of roots in the muck cultures. Root hairs were observed on 
all roots of aerated cultures, but most abundantly on roots from the muck 
and clay. The most outstanding effects of aeration on Hibiscus militaris, 
particularly in compact clay and muck soils, were the marked increase in 
depth and extent of root growth, with the formation of secondary laterals 
in all soils. 

The root systems of Typha latifolia in the different soils and aeration 
were examined after 56 days’ growth, and again 44 days following replant¬ 
ing. All of the types of roots reported by Weaver and Himmel (24) and 
by Roerdon (21) in their experiments with Typha latifolia were observed. 
These included: (1) branched water roots found abundantly in unaerated 
soils that developed at the highest point of origin on the basal node and 
grew upward and outward into the water to branch on or above the soil 
surface; (2) branched surface soil roots found in all unaerated soils and 
aerated sand; (3) deep vertically growing branched soil roots characteris¬ 
tic of all aerated soils; (4) unbranched soil roots found in all cultures. 
The results following alteration of soil or air factors illustrate clearly the 
facility with which this plant adjusts its type of root development to its 
physical environment. 

The data (table II) show that branched water roots are found only in 
the unaerated cultures, and are noticeably longer and more branched in 
the muck soil than in either of the other soils. The water roots originated 
at the highest point of the basal node and grew up and out upon the soil 
surface. Approximately one-third of the roots on the plants in the un¬ 
aerated cultures were water roots. These roots correspond to the super¬ 
ficial adventitious roots observed by Emerson (10) on and other 

land plants growing in swamp land, and by Weaver and Himmel (24) on 
Typha latifolia in their water-saturated cultures. 
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Fig. 2, Detaila of Hibiscus mUitaris soil roots: A, unaerated sand; typical root 
with primary laterals formed most frequently at proximal portion of root. B, unaerated 
clay; root showing a few short secondary laterals. C, unaerated'^muck; short scattered 
secondary laterals appearing at proximal region of roots. D, aerated sand; primary 
laterals showing secondary branching. E, aerated clay; typical root with secondary 
branching taken from near aeration coil. F, aerated muck; root with long primary 
and secondary laterals taken from clump of roots in region of aeration coil. 
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TABLE II 

Boot and top development in Typha latifolia in dippiceent soil cut/ruitES 



Boot DIMENSIONS 

Plant development 

Sand 

Clay 

MtJCK 


Unaerated 

Aerated 

UN AERATED 

Aerated 

Unabrated 

Aerated 


cm. 

cm. 

cm, ‘ 

cm. 

cm. 

cm. 

A. Branched water roots 







Average length .... 

12-18 

0.0 

15-20 

0.0 

20-25 

0.0 

Maximum length .. 
Average diameter 

22.0 

0.0 

25.0 

0.0 

33.0 

0.0 

0.0 

of roots . 

Average length of 

0.08 

0.0 

0.1 

0.0 

0.1 

0.0 

primary laterals 

2.0 

0.0 

1.5 

0.0 

2.5 

B. Branched soil roots 







Average length ... 

15-20 

2S-35 

15-20 

35-40 

20-25 i 

40-45 

Maximum length . 
Average diameter 

30.0 

46.0 

28.0 

50.5 

30.0 

54.0 

0.25 

of roots 

0.1 

0.15 

0.15 

0.2 

0.15 

Average length of 
primary laterals 
Maximum length 

1-2 


0.5-1 

4-5 

0.8-1.2 

5-7 



of primary later¬ 
als 

2.5 

6.0 

1.0 

7.5 

1.8 

10.0 

Average length of 







secondary later¬ 
als 

0.0 

0.2 

0.0 

0.2 

0.0 

0.3 

C. Unbranched roots 







Average length ... 

10-15 

20-25 

20-25 

35-40 

35-40 

40-45 

Maximum length 
Average diameter 

24.0 

40.0 

47.0 

56.0 

50.0 

68.0 

of roots . . 

0.15 

0.15 

0.18 

0.2 

0.2 

0.2 

D. Bhizomes 







Average length 

20-25 

25-30 

30-35 

50-60 

! 66-70 

80-85 

Average diameter . 

1.0 

1.0 

1.0 

1.2 

i 

1.5 


Tops 

Average length of leaves 
in centimeters . . 
Number of leaves in 

90 

100 

100 

125 

110 

156 




sheath . 

New aerial shoots on a 

5-7 

5-7 

5-« 

7-10 

7-12 

0-12 

rhizome. 

2 

’ 5 

4 

9 

20 

39 


In unaerated sand, 20-30 laterals per cm. developed uniformly to near 
the root tip. The water roots from unaerated clay and muck had from SO¬ 
SO branches per centimeter, and table II shows that they were 5-10 cm. 
longer than water roots from the sand soil. The branching was most 
irregular but proceeded to near the tip on roots from the unaerated muck. 
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Una^rated and branched roots of lower origin than the w^ater roots grew 
into the upper 5—10 cm. of the unaerated soils. Unbranched and branched 
roots in aerated soils grew downward to the region of air supply, with only 
occasional roots growing horizontally near the soil surface. The longest 
roots and the most profuse branching of laterals were in the region of the 
aerating pipes, while branching in unaerated conditions was on the upper 
half of each root. Secondary laterals never occurred on branched roots of 
unaerated soil, but were found on roots provided with air. 

Branched and unbranched soil roots were consistently longer in the 
aerated soils. The branched roots in both sand cultures were slender, 
with wrinkled surfaces. Laterals were correspondingly longer and twice 
branched in aerated soils (fig. 3, D, E, F), Singly branched laterals of 
roots from unaerated soils were confined to the upper half of the root 
(fig. 3, A, Bf C) while the twice branched laterals of roots from aerated 
soils developed down to the region of root elongation. Several centimeters 
of the distal ends of roots from aerated cultures were broken off as the 
roots were removed from the aeration coils. The average of several counts 
showed that the frequency of primary laterals on the soil roots was 5—30 
per cm. from unaerated sand, and 20-40 per cm. from aerated sand. In 
unaerated clay, single branches developed 20-30 per cm., and in aerated 
clay 50—60 per cm. The most frequent branching was found on roots from 
the muck soils, 45-60 per cm. in the unaerated condition and 50-65 per cm. 
with improved aeration. Lateral branching of soil roots in the aerated 
muck soil of this experiment showed a considerable increase in frequency 
over the lateral branching of similar roots reported by Weaver and Him- 
MEL'in their best aerated moist culture. 

The unbranched roots were in the minority in all unaerated soils, but 
were about equal in number to the branched soil roots in aerated cultures. 
From the data given in (C) of table II, it is apparent that unbranched 
roots are more extensive and more abundant in the muck soils than in 
clay or sand. 

Boot hairs were found only occasionally on water roots in unaerated 
muck. While they occurred on all soil roots, they were most numerous on 
roots from aerated muck and clay. Root-hair development was influenced 
by aeration, soil nutrition, and position of roots. The fact that they were 
practically lacking on surface-growing roots in unaerated soils is in accord¬ 
ance with observations of Weaver and Himmel. Their occurrence on water 
roots of Typha latifolia and surface-growing roots of other plants in aerated 
muck may be explained, according to Fare (11), by the fact that calcium 
was present in the muck soils. Snow (23) also, found that an increase 
of available oxygen produced root-hair development on various plants. 
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Fig. 3. Details of Typha latifolia soil roots. A, unaerated sand: (a) unbranched 
root, (b) branched root with single laterals on upper half. B, unaerated clay; (a) un¬ 
branched root, (6) branched root with single laterals confined to proximal region. C, un¬ 
aerated muck; (a) unbranched root, (6) branched root with single laterals. Z>, aerated 
sand: (a) kinky unbranched root, (b) branched root with occasional laterals of second 
rank. JS, aerated clay: (a) unbranched root, (b) branched root with secondary laterals. 
Distal end broken in removing from aeration coil. F, aerated muck; (o) unbranched 
root, (b) branched root with secondary laterals. Boot tip broken off. 
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According to these investigations (11, 23), the presence of calcium and 
abundant oxygen, together with better nutrition, explain the fact that root 
hairs were most abundant in aerated muck soil, second in clay, and least 
in sand. 

In the unaerated cultures new rhizomes were fewer than in the aerated 
soils. The development of rhizomes and the number of aerial shoots on 
plants grown in aerated muck exceeded those in all other cultures. One 
aerated specimen of Typha latifolia developed 12 rhizomes and 39 aerial 
shoots, with two rhizomes 125 cm. long. 

Root development of Typha latifolia varied with the degree of aeration 
and the type of soil. These variations occurred in the mode of branching, 
the general habit, and the extent of development. In oxygen-deficient soil, 
branched roots developed above the soil surface, and with abundant oxygen 
all roots grew into the soil and downward to the source of aeration. Root 
development was greater in muck soils than in clay and sand, although the 
growth in all soils was greatly increased with aeration. 

Specimens of Acorus calamus were removed from the cultures for study 
of their root systems 70 days after planting. Following the examination, 
they were replanted and taken up again at the end of 40 days. The root 
systems were made up of branched and unbranehed roots, the former occur¬ 
ring in greater number. A comparative study of the development of these 
two types of roots showed a greater number of branched roots in aerated 
sand but a greater number of unbranched roots in aerated muck and clay. 
The branched roots were strong though very fine and hairlike. 

Variations in growth with respect to the soil were more comparable with 
those found in Hibiscus than with those found in Typha, as differentiation 
of branched roots was not pronounced. The root systems in the unaerated 
soils (fig. 4, A, 2?) were shallow, with many branching roots forming 
tangled mats, while those in aerated soils (fig. 4, D, j^) grew downward 
toward the air supply. Branched and unbranched roots as well as laterals 
were, without exception, longer in the aerated cultures. Neither the soil 
type nor aeration had any influence on the development of second laterals, 
as the branching habit in all cultures remained single. 

A comparison of the details of roots (fig. 5, A^F) shows that lateral 
branching was less extensive on the roots from unaerated soils than on the 
deep vertical-growing roots from aerated soils. Lateral branching was out¬ 
standing on roots from aerated sand (fig. 5, 2>), and the laterals were 5~10 
cm. longer than in roots from unaerated sand. Measurements (table III) 
show that laterals were fewer and 2-3 cm. shorter on roote from unaerated 
muck than from unaerated clay. Improved aeration produced a marked 
effect upon the growth of laterals in these two soils, the length being four 
times greater in aerated than in unaerated muck. 
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Pio. 4. Acorns eaiamus root i^stem: A, unaerated sand; wrinkled roots with short laterals growing hori¬ 
zontally under sand. Bf unaerated. muck; roots growing in horizontal position on surface and upper regions 
of muck. Cf aerated sand; roots showing kinky configuration from growing into sand. B, aerated muck; 
many roots broken and lost on removal from aeration coils. 
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Fig. 5. Detail® of Acorns calamus soil roots. A, unaerated sand: (a) unbranched 
root, (b) typical branched root from same soil. J?, unaerated clay: (a) practically un- 
branehed root, (b) branched root with scattered laterals. (7, unaerated muck: (a) un¬ 
branched root, (b) branched root from some culture showing shorter branching toward 
distal end. V, aerated sand: (a) unbranehed root^ (b) branched root from same plant 
with long delicate laterals developing down to root tip. F, aerated clay: (a) unbranched 
root, (b) branched root with lateral branching to tip. F, aerated much: (a) unbranched 
root, (b) branched root with laterals developing to zone of elongation. 
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TABLE III 

Boot and top development in Aeorm calamm in DirnatENT soil otjltobes 



Boot dimensions 

Plant development 

Sand 

Clay 

Muck 


Unaeeated 

Aerated 

Unaeeated 

Aerated 

Unaerated 

Aerate^ 


cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

A. Branched root system 







Average length 

13-20 

23-30 

18-22 

30-35 

20-25 

30-35 

Maximum length 
Average diameter 

25.0 

35.0 

30.0 

40.0 

30.0 

0.13 

40:0 

0.12 

at proximal end 

0.12 i 

0.15 

0.12 

0.15 

Average length . 
Maximum length 

1-2 

8-12 

1-2 

5-7 

0.5-1.5 

7-10 

of primary later¬ 
als . 

6.0 

15.0 

6.0 

10.0 

3.0 

12.0 

B. Unbranched root 







system 

Average length .. 

7-12 

15-20 

18-22 

20-25 

20-25 

25-30 

Maximum length .. 

20.0 

30.0 

32.0 

40.0 

35.0 

40.0 

Average diameter 

0.12 

0.15 

0.15 

i 

0.2 

0.2 

0.18 


Tops 

Average height in centi¬ 


1 



1 

500 

meters 

400 

450 

420 

500 

1 450 


Boot hairs were not observed on the surface roots of Acorus calamus in 
any of the oxygen-deficient soils, but occurred on the roots from aerated 
muck and clay. 

The root habits just described show the same aerotropic response 
as Hibiscus militafis and Typha latifolia. The influence of the soil or 
aeration, however, was not observed to induce an increase of additional 
ranks of laterals as was found to occur with the Hibiscus and Typha, 

Sagittaria latifolia plants were examined 44 dajrs after planting. 
Branched roots developed at the base of the leaf stalks around the crown 
of the old rhizome which was used in the original planting. Only the very 
young roots were unbranched, a root response not following in the other 
species. All roots were singly branched and intricately tangled. In no 
case was lateral spreading of roots found on the soil surface, but all 
unaerated systems presented shallow horizontal growth away from the 
points of origin. Their branches were irregular and extremely stunted in 
comparison with those where aeration was supplied (fig. 6, A, B). The roots 
in the aerated soils grew to the air-lines, where they formed an interlaced 
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mesh of laterals throughout their extent of growth, and were frequently 
broken when removed from the aerating system. 

Much bulkier root systems developed in unaerated sand than in clay and 
muck cultures with similar aeration. Hibiscus mUitaris showed like re¬ 
sponse to the same soil conditions. In contrast, Typha latifolia and Acorus 
calamus produced greatest growth in muck soil without aeration. Sagittaria 
likewise developed the greatest number of, and the most uniformly branched, 
roots in the sand of the aerated cultures. Although no nutrients other than 
those in the tap water were added to the sand, these cultures rather than 
clay and muck favored the growth of Sagittaria. 

TABLE IV 

Boot akd top development in Sagittaria latifolia in dipperent soil cultures 



Boot dimensions 

Plant 

DEVELOPMENT 

Sand 

Clay 

Muck 


Un aerated 

Aerated 

Unaerated 

Aerated 

Un aerated 

Aerated 


cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

Average length of 
roots 

5-10 

30-35 

4-8 

20-25 

3-5 

22-25 

Maximum length of 
roots . 

15.0 

42.0 

12.0 

35.0 

10.0 

35.0 

Average length of 
primary laterals 

0.5-1 

3-5 

0.2-0.5 

1-3 

0.5-1 

1-5 

Maximum lengtli of 
primary laterals . 

1.5 

6.0 

1.5 

5.0 

3.5 

2.0 


Tops 

Number of leaves 
per plant. 

5 

5 

5 

5 

4 

5 

Average length of 
petiole. 

42 

45 

32 

56 

30 

39 

Average length of 
blade. 

13 

16 ! 

13 

23 

9 

15 

Average width of 
blade. 

7 

10 

7 

17 

6 

9 


Boot elongation was increased approximately three times in this species 
by improving soil oxygen content of all soils (table IV). Length of laterals 
was increased four to six times in the aerated sand and clay. The irregu¬ 
larity of branching on the upper half of roots developed in insufScient 
soil oxygen (fig. 6, Ca, Da, Ea) is in contrast to the regular branching 
extending down to the region of elongation on aerated roots (fig. 6, 
Cb,Db,Eb). 
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Root hairs were found on roots of the Bagitiaria plants in all cultures, 
but were more numerous on roots from the sand cultures than had been 
observed on the other species in similar cultures. 

The species selected for this investigation are all hydrophiles adapted to 
life in poorly aerated soils. Their marsh bog habitats usually comprise a 
composite soil rich in organic matter. Experimental results (12, 16, 22) 
make it practically certain that injury from the toxic effect of carbon 
dioxide is more frequent than commonly supposed in all oxygen-deficient 
soils. From analysis of soil atmosphere, Russell and Appleyabd (22) 
found that rapid nitrification in organic soils was followed by an increase 
in carbon dioxide content and a falling off in the amount of oxygen. The 
percentage of carbon dioxide became extremely high and that of oxygen 
low in the water-logged soils. The muck cultures comparable with bog soil 
would have a high carbon dioxide content from decomposition of the 
organic matter in addition to that resulting from root respiration. 

Varied types of soil were used to determine whether aeration produced 
uniform effect throughout the investigation. It has been pointed out in 
the results that root habits of all species varied by altering aeration and 
soil nutrition. Typha latifolia (table II) displayed the greatest adapta¬ 
tion to growth in stagnant soils by the development of finely branched 
water roots. This is evidently a response for securing oxygen peculiar to 
this plant, as water roots were rarely observed in aerated cultures. The 
occurrence of water roots probably accounts for the fact that T, IcUifolia 
plants grew in unaerated clay and muck. Although not so rank as in the 
corresponding aerated soils, they were by no means so dwarfed as the plants 
of Hibiscus militaris and Bagitiaria latifolia from unaerated cultures which 
did not develop water roots. 

In considering top development of the plants, it was observed that leaves 
or aerial shoots appeared from 7 to 12 days earlier in all species planted 
in the aerated soils. Color differences were not noticed in the foliage of 
Bagitiaria latifolia and Acorus calamus, but the leaves of Typha latifolia 
and Hibiscus militaris grown in the sand cultures and unaerated clay were 
from the first a lighter green than the same species in the other cultures. 

The data (tables I, III, IV) relating to the growth of plants above the 
soil indicate more abundant top development in all aerated soils for Hibiscus 
miUtaris, Acorus calamus, and Bagitiaria latifolia. Typha latifolia, how¬ 
ever, had greater growth in iinaerated muck than in aerated clay and sand. 
The most rank top growth for H. militaris and T. latifolia was in aerated 
muck, but the tops of A. calamus and B. latifolia were greater in aerated 
sand than in aerated muck. 

The correlation between root and top development is obvious regardless 
of the varied effects which were produced upon the species by the soils and 
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Fig. 6. Sagittaria latifolia root systems and root details. unaerated clay: 
entire root system stunted. B, aerated clay: root system shows effects of aeration. 
Boot ends broken off in removal from aeration coils. C, sand cultures: (a) typical root 
from unaerated sand showing development of branches confined to upper half of root, 
(h) root from aerated culture with regular branching to region of elongation. D, clay 
cultures: (a) typical root from unaerated culture showing few laterals developed in 
comparison with (h), root from aerated clay showing more regular development of 
laterals to region of elongation. M, muck cultures: (a) root from unaerated culture, 
(h) root from soil receiving aeration. 
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aeration. With increased aeration, there followed uniformly greater top 
growth than occurred in corresponding plants in unaerated soik. Hunter 
and Rich (17) found that the rate of transpiration and the intensity of 
respiration were increased in the shoots of Impatiens halsamina with soil 
aeration. Accompanying these observations there was an increase in sur¬ 
face area of both stem and leaves with increased functional activities. 

Hibiscus miliiaris was the only species to mature. The facts that the 
plants in aerated cultures flowered normally and that all buds blasted and 
dropped from the plants in unaerated soils are in accordance with the 
findings of Albert and Armstrong (1), who report an increased shedding 
of cotton fruit buds from plants associated with soil air containing high 
carbon dioxide and low oxygen percentages. Allison and Shive (2) 
likewise found that the average total yield of soy beans, when a maximum 
supply of oxygen was maintained, was greater than yielded from unaerated 
cultures. 

The effects of increased aeration varied with the different species in the 
different soil types. The results indicate that root and shoot development 
was increased in all aerated cultures regardless of soil type, while the extent 
of the plant growth reached a maximum in aerated muck soil, with the 
exception of Sagitiaria latifoUa which grew best in aerated sand. The 
deviation from the general behavior, noted in Sagittaria, appears attrib¬ 
utable to the fact that it possesses a high degree of vegetative activity and 
ability to develop adventitious roots for aeration. This plant seems to 
rely more upon its aqueous substratum than upon the soil for its nutrients, 
especially under conditions of poor aeration. 

Summary 

1. Soil aeration, involving access to oxygen and removal of carbon di¬ 
oxide, appears to play an important role in plant growth through its direct 
effect on root systems. Somewhat abundant soil aeration does not appear 
superoptimal, although it induces structural characteristics not found in 
plants under approximately normal soil conditions. Although the magni¬ 
tude of these formative changes in plants varies with the soil type, the 
general tendency in the species studied was rather uniform. 

2. Hibiscus militaris, Typha latifolia, Ac>orus calamus, and Sagittaria 
latifolia developed bulkier root systems and larger tops in aerated cultures. 

3. Relative growth and development of all species w'ere greatest in muck, 
second in clay, and least in sand with the following exceptions: if. militaris 
had a maximum growth in unaerated sand, and 8, latifolia attained maxi¬ 
mum growth in unaerated and aerated sand cultures. 

4. The root systems of all species showed aerotropic response. In un¬ 
aerated cultures the plants established shallow and surface root systems. 
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while with aeration the roots ramified the soil with the greatest growth in 
the region of the aerating coils. 

5. Increased root elongation was accompanied by corresponding incre¬ 
ment in root diameters in aerated soils, with this exception: root diameters 
of Acorns calamus were greater in nnaerated muck than in aerated. 

6. Laterals were longer and branched nearer the root tips in all aerated 
soils than in unaerated. 

7. Second-rank laterals occurred in H. mUitaris roots in all cultures 
except unaerated sand, and on T. latifolia roots in all aerated soils but 
never in unaerated ones. 

8. Boots of S, latifolia and A, calaraus remained singly branched in 
all cultures. 

9. Branched surface-growing roots were developed by ff. militaris, 
T, latifolia^ and A, calamus in all unaerated soils. 

10. Boot hairs did not occur on surface-growing roots in unaerated sand 
or clay, but were found in unaerated muck. They were much more numer¬ 
ous on roots from all aerated soils. 

11. Pronounced formative changes may be induced by artificially in¬ 
creased soil aeration, and the effects of rapid renewal of the soil atmosphere 
are by no means so injurious to the plant as restricted soil aeration is apt 
to be. 

This investigation was carried on at the University of Iowa, under the 
advice of Dr. W. F. Loetiwing, whose assistance is much appreciated. 

University or Iowa 
' Iowa City, Iowa 
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INFLUENCE OF LEAF DESTRUCTION BY SULPHUR DIOXIDE 
AND BY CLIPPING ON YIELD OP ALFALFA^ 

Geo. E. Hill, Jb. and M. D. Thomas 
(with six figures) 

Introduction 

Exposure to a suflBciently high concentration of sulphur dioxide for a 
long enough period of time always injures the leaves of alfalfa. Almost 
invariably the fully grown, highly functional leaves show the injury first, 
and are more severely injured than the rest. If the concentration is high 
enough, for example, to produce markings within an hour, after possibly 
three-fourths of this time has elapsed the leaves become noticeably stiffened, 
as though the cells had greatly increased in turgidity. The turgidity 
seems to increase until certain areas in the leaf (those along the margins 
and between the veins, where the.intercellular air spaces are most abun¬ 
dant) suddenly become flaccid and take on a %vater-soaked aspect, giving 
the leaf a mottled appearance. If the fumigation be continued, additional 
marginal or interveinal areas on these leaves already affected, and corre¬ 
sponding areas on hitherto unaffected leaves, become similarly flaccid. 

With a few hours of sunshine after the fumigation, these flaccid areas 
bleach almost to an ivory color. The areas of each leaf which do not become 
flaccid remain green. Usually the green areas remaining after a heavy 
fumigation lie along the midrib and the principal veins of the leaf. They 
are separated sharply from the bleached areas. 

The marked areas of an alfalfa leaflet after any fumigation may vary 
from one spot the size of a pin-point to several larger ones, which may 
involve 50 per cent, or more of the area of the leaflet. A given fumiga¬ 
tion may destroy more than 50 per cent, of the green tissue of some leaflets 
and yet leave 50 per cent, of the leaves entirely unmarked. Basal leaves 
are not often marked, and leaves that have not attained their growth only 
rarely. In all of our experience with alfalfa, a marked stem has never 
been found. When a majority of the green tissue of a leaflet is destroyed 
by sulphur dioxide, the leaflet curls and frequently drops from the plant. 

This type of injury is called acute.” Occasionally another type of 
sulphur dioxide injury on alfalfa leaves is encountered, a type that mani- 

1 Contribution from the Department of Agricultural Besearch of the American 
Smelting & Befining Company, Salt Lake City, Utah. 

Grateful acknowledgment is made to Hilton B. Berntson, John N. Abbbsold, 
Evan Habbis, A. F. Barnet, Ivan E. Bubootnb, Thomas Bunkall, Ltnn Brown, and 
Geoboe Gardner for their help in carrying forward this work. 
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fests itself several daj^s after the fumigation. This is evidenced by a 
rather rapid disappearance of chlorophyll from parts of an otherwise appar¬ 
ently normal leaf, as if the ehloroplasts in certain areas of the leaf, three 
or four days after the fumigation, had ceased to manufacture that unstable 
pigment. This type of injury is called '‘chlorotic’’ (chronic injury by 
Stoklasa 8 ). 

What is the effect upon yield of a fumigation which destroys a portion 
of the leaf tissue? Does the green tissue that remains after the fumiga¬ 
tion continue to function, and if so, at how nearly normal a rate? If there 
is a decrease in yield following a sulphur dioxide fumigation, is that de¬ 
crease proportional to the leaf area destroyed? 

In this paper the fumigation apparatus and the methods of growing, 
fumigation, measuring the injury, and harvesting the plants are described; 
also yield data as aflEected by sulphur dioxide lesions and by clipping are 
presented. The influence of various environmental and physiological 
factors on leaf destruction by sulphur dioxide, and upon the absorption of 
that gas by plants, will be considered in subsequent papers. 

Historical review 

There are many papers, mostly foreign, on the relations of industrial 
wastes, particularly sulphur dioxide and sulphur trioxide, to agricultural 
production. The problem has long been recognized as one of considerable 
scientific and economic interest. The European investigations have been 
summarized by Haselhoff and Lindau (1) and by Stoklasa (8). In 
this country the principal report of the problem is by the Selby Smelter 
Commission (2), which also contains an extensive bibliography with ab¬ 
stracts of most of the earlier papers. Verplancke (14) has discussed the 
subject in a general way; and in a review of the literature by Johnson 
(3), reference has also been made to recent investigations. 

The earlier investigators gave descriptions of the lesions produced on 
many different plants, and called attention to the acute type and to the 
chronic, or chlorotic type of SOg markings. They also suggested an order 
of magnitude of the exposures to sulphur dioxide which might cause injury 
to vegetation. The Selby Commission developed a technique for fumigat¬ 
ing plants with sulphur dioxide similar to that subsequently improved upon 
by 0 ’Gara, described later, and carried out an extensive study of the action 
of SOg on barley. The Commission’s report for the first time gave quan¬ 
titative information as to the effect of concentration and duration of fumi¬ 
gation upon leaf destruction. They showed that "severe” lesions might 
reduce the yield of grain as much as 40 per cent., depending on the stage 
of growth when the fumigation occurred, and that it was somewhat propor¬ 
tional to the intensity of the fumigation. They found no reduction in yield 
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when the leaves were injured only slightly or not at alL Similarly John* 
SON (3), working on the problem of invisible injury, found no measurable 
injury to wheat even after very prolonged exposure to sulphur dioxide but 
at concentrations too low to produce visible markings. So far as the 
writers are aware, there are no investigations in the literature on the rela* 
tion of leaf destruction by sulphur dioxide to yield of alfolfa. 

In 1914 the American Smelting & Refining Company established a 
Department of Agricultural Research to study the smelter smoke problem. 
This Department, under the leadership of the late Dr. P. J. O’Dara, carried 
out a considerable number of experiments during a period of nine years, 
the details of which, for the most part, remained unpublished in 1923, when 
0 ’Cara became ill and was unable to participate further in these researches. 
Some of the results of these studies, however, were published in a paper by 
Wells (15), who discussed the conditions favoring the dispersion of sul¬ 
phur dioxide from a smelter. Swain (9) and Thum (13) have summar¬ 
ized the smoke litigation in Salt Lake Valley, Utah, giving some details of 
0 ’Gara’s work, including photographs of the apparatus and of the experi¬ 
mental plots in the field. 0 ’Gaba discussed some of his conclusions in 1917 

( 4 ) , and also before the American Institute of Chemical Engineers 

(5) . Only an abstract of the latter paper was published. Further, 
0 ’Gara circulated in a limited way a list which indicated the relative resis¬ 
tance of a number of plants to sulphur dioxide. 

Fumigation apparatus and technique 

The plan of procedure developed by O’Gara in his closed-cabinet fumi¬ 
gation experiments has been largely followed in these studies. O’Gaba 
used small field plots 5 feet square, suitably spaced in the field so that they 
were readily accessible. He fumigated these plots with various synthetic 
mixtures of sulphur dioxide and air, under a cabinet 180 x 180 x 120 cm., 
made of celluloid mounted on a wooden framework. The sulphur dioxide 
was delivered from a bottle through a needle valve to an empirically cali¬ 
brated capillary flowmeter, which indicated the rate of flow of the gas. An 
adjustable water trap before the needle valve enabled the operator easily 
to obtain a controlled and very steady stream of gas, which was sent into 
a fan delivering about 10,000 liters of air per minute. The gas mixture 
was then conveyed through a 15-cm. pipe to the center of the top of the 
fumigation cabinet, where radial baffle plates distributed the stream uni¬ 
formly downward to all parts of the cabinet. As the cabinet was not gas- 
tight and had no specific outlet, the displaced air-SOj mixture leaked out 
wherever it could. The concentration of SOg in the air in the cabinet was 
determined intermittently by the starch-iodine method of Marston and 
Wells, as described by the Selby Commission (2). This method consisted 
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of drawing a definite volume of the SOg-air mixture into a partially evacu¬ 
ated 20-liter bottle containing a starch-iodine solution of known strength, 
absorbing the SOg by vigorous agitation, and titrating this solution with 
iodine or sodium thiosulphate to a standard light blue color. The amount 
of BO 2 thus determined by analysis usually agreed well with the values cal¬ 
culated from the volumes of SOg and air as indicated by the SOg fiowmeter 
and a pitot tube in the air line. Humidity readings were taken at intervals 
with the whirling psychrometer, and the condition of the plants was ob¬ 
served after the fumigation. 

The writers planned to control the humidity and light in the fumigation 
cabinet, and to measure continuously the sulphur dioxide in the cabinet and 
also the amount of it absorbed by the plants. 0 ’Garays apparatus was 
therefore modified with these objectives in mind. 

The fumigation cabinet was of similar type, consisting of a light steel 
framework 195 x 195 x 150 cm., covered with celluloid, and made nearly gas- 
tight. It was mounted on a galvanized iron base provided with a 20-cm. 
outlet pipe on one side, and a trough on top in which a water seal with the 
bottom of the cabinet could be made. It was found later that a more satis¬ 
factory seal could be made by using a pad of felt 2 cm. thick in the trough, 
instead of the water. The base was placed around the plot, made level, 
and its lower edge sealed with soil. When the cabinet was placed on this 
foundation, anemometers in the intake and outlet pipes of the system indi¬ 
cated that about 80-100 per cent, of the air which entered the cabinet went 
out by the outlet pipe. 

The air was analyzed for sulphur dioxide continuously and automati¬ 
cally by means of a sulphur dioxide autometer, as described later. This 
machine sampled the air on a 2-minute schedule alternately from a point 
just below the delivery pipe in the top of the cabinet and from the outlet 
pipe. The unaccounted-for air w^as assumed to have escaped at the average 
concentration of intake and outlet gas. Sulphur dioxide was added to the 
system with an arrangement similar to that used by O^Gara and already 
described, except that the apparatus was inclosed and thermastated. The 
intake of the fan w^as provided with a shutter so that the volume of air 
delivered to the cabinet could be varied as desired. 

The cabinet was wired so that lamps and reflectors could be mounted 
above the plants. When the cabinet was covered with canvas, definite light 
intensities could be maintained, depending on the number and size of the 
lamps employed. It has not yet been practicable, however, to attain light 
intensities approaching sunlight. For determining light intensity, the 
cabinet was provided with three thermocouple light meters. These thermo¬ 
piles had sixteen junctions and were constructed of 5-em. pieces of no. 24 
nickel-chromium: constantan wire. They were mounted in a wooden box 
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about 12.8 cm. square and 2^5 cm. thick. One set of junctions was spread 
out in a row in a section of the box provided with a glass window, the junc¬ 
tions being painted black and the interior of the compartment being 
painted white. The cold junctions were placed in a dark but ventilated 
section of the box. This arrangement gave a reading of about 50 millivolts 
with full sunlight intensity. More recently, the new Weston ^^photronic’' 
cell shunted across a resistance box has been used with excellent satisfac¬ 
tion. With the proper shunting resistance, the cell and thermopile gave 
nearly identical readings in the range from about 10 to 100 per cent, of full 
sunlight intensity. At lower light intensities the accuracy and sensitivity 
of the thermopile decreased, whereas the photronic cell remained useful, 
even in dense shade. The cell was also practically instantaneous in 
its action, and readily indicated differences resulting from the angle of in¬ 
cidence or clouds in the sky. 

For making humidity determinations the cabinet was provided with wet 
and dry bulb thermometers. One pair of thermometers was mounted in the 
upper part of the cabinet and was provided with a small fan to cool the 
wick of the wet bulb. Another pair was mounted in the base near the out¬ 
let pipe where the movement of the air in the pipe furnished sufficient draft 
to cool the wet bulb. The relative humidity was maintained at any desired 
percentage by blowing an atomized spray of water into an intake pipe 
leading to the fan and also by introducing steam into the same intake pipe. 
The spray alone was found to be insufficient to maintain the relative humidity 
on dry summer days above 60 to 70 per cent.; but when this supply of 
moisture was augmented by steam, the humidity could be maintained be¬ 
tween 95 and 100 per cent. Use of the water spray alone ordinarily causes 
the temperature of the cabinet to fall from 1° to 4® below the outside tem¬ 
perature. While such lowering of the temperature might have a slightly 
adverse influence on the experiment, it was also advantageous in preventing 
moisture from condensing on the walls of the cabinet. Silica gel was used 
to lower the relative humidity. 

A continuous, automatic analytical method for determining sulphur 
dioxide in air was a fundamental requirement for this work. This was 
partly attained in 1927, when a machine was constructed (10) which auto¬ 
matically drew a measured volume of gas through a measured volume of 
standard starch-iodine solution at a uniform continuous rate and discharged 
the solution into a bottle every two minutes, ready for titrating the excess 
of iodine. In 1928 this apparatus was modified (11) so as to absorb the 
gas in a slightly acidulated solution of hydrogen peroxide, which oxidized 
the SO 2 to sulphuric acid. The acid thus produced made the solution a 
better conductor of the electric current, and it was possible to follow the 
absorption with an electrical conductivity recorder, thus obtaining a con- 
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tinuous record of the concentration of the sulphur dioxide. The apparatus 
has been further modified (12), so that it is now well adapted to determine 
with great precision the absorption of the gas by plants in a fumigation 
cabinet at both low and high concentrations. 

The alfalfa plants used were as uniform and comparable as it was pos¬ 
sible to secure them. Twenty uniform vigorous seedlings of ‘‘common*^ 
alfalfa were selected for each plot, in which there were four rows with five 
plants in each roAv. The plants thus spaced, when mature, produced ap¬ 
proximately fifty stems to the plant. When in the early blooming stage, 
these stems had approximately fifty leaves (150 leaflets) to the stem. The 
plots were irrigated by the flooding method often enough to keep the soil 
well supplied with moisture. 

A considerable number of fumigations of alfalfa were carried out under 
diverse conditions, which produced leaf destruction to diflPerent extents. 
The percentage of leaf destruction was estimated for each plant, either by 
counting the leaves that were marked and measuring the marked area, or 
by comparing with a set of standard marked plants, the percentage of 
bleached area of which had been carefully measured. The estimates of the 
individual plants, made independently by different observers, were seldom 
found to differ by more than 10-15 per cent., and the average values for 
the plot were found to agree within 4 per cent. 

At harvest each plant was cut and tied separately, and its green Aveight 
obtained immediately. The plants were then placed on end in the green¬ 
house until air-dry, and again weighed individually, samples being taken 
to determine the oven-dried weight of the material. A number of individ¬ 
ual plants from various parts of the room were weighed at intervals during 
the time the other plants Avere being Aveighed, and Avere found to vary only 
to a negligible extent. Accordingly the air-dried weights of each group of 
plants were considered to be comparable among themselves. 

In working out the yield data, the yield of a treated plot Avas compared 
with the yield of the same plot on preceding and succeeding untreated crops 
during the same year, thereby eliminating any influence of variation be¬ 
tween the different plots. The yield of successive crops of alfalfa decreases 
rather regularly during the season (6, 7). Factors were, therefore, deter¬ 
mined for each crop by means of untreated check plots scattered throughout 
the field. By multiplying the yield of each of the crops from each plot by 
its corresponding factor, the yields of the different crops were placed on a 
comparative basis. The factors for the 1929 yields were found to be as fol¬ 
lows : first crop 1.00, second crop 1.46, third crop 2.00, fourth crop 2.75; 
and for 1930: first 1.00, second 1.51, third 1.61, and fourth 1.99. It was 
then possible to compare the yield for any treated plot with preceding or 
subsequent yields of the same plot when untreated. The yield of a treated 
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crop divided by the expected yield of that crop gave the percentage of yield 
as a result of the treatment. Thia method of calculation was complicated 
by the fact that, in case of the very severe treatments, the next crop 
subsequent to the treatment might show a reduction in yield also. In such 
case comparison was made on the basis of the preceding crop, or of the sec¬ 
ond subsequent crop. Not more than two of the four crops on any plot were 
treated during a season. 

Alfalfa jrield data 

A. 0 ’Garays data.t— 0 ’Gara conducted many experiments in which he 
sought to determine the effect on yield of sulphur dioxide fumigations of 
varying degrees of severity. He recorded the extent of leaf destruction, 
but in qualitative terms only. It is therefore impossible to evaluate the 
experiments in which appreciable markings were observed, although they 
apparently agree in order of magnitude with our own. Accordingly this 
material is not considered further. 

O^Gara also carried out two important experiments with the idea of 
determining the yield as influenced by repeated low concentrations which 
did not produce markings. He fumigated three pairs of plots simultane¬ 
ously, with and without sulphur dioxide, 30 minutes daily for 27 days. On 
the subsequent crop he reversed the treatment on 42 days. He expressed 
the yield of the crops fumigated with SO^ as the average percentage of the 
yield of the check plots for both crops. This method tended to eliminate 
plot differences. Table I has been compiled from 0 'Garays unpublished 
data. This table indicates that so long as fumigations do not produce more 
than traces of markings, there is no significant reduction in yield resulting 
from a considerable number of short fumigations. 

B. Yield of alfalfa as affected by acute sulphur dioxide markings.— 
During the season of 1929, a great number of plots were given single fumi¬ 
gation treatments on chosen crops, in which varying percentages of leaf 
tissue were destroyed. The results are shown in figure 1, in which the yield 
is plotted against the percentage of leaf area destroyed. Since the number 
of fumigated plots is so large, it is not practicable to present the individual 
yield data in a table. In figure 1 the various crops which were treated are 
shown by different kinds of points, as indicated in the legend. The equa¬ 
tion of a straight line through these points, worked out by the method of 

least squares, is y = 98.6 -0.265x.(la) 

in which y is the yield of dry matter expressed as percentage of the check, 
and X is the percentage of the total leaf area destroyed. The number, n, 
of plots fumigated in this experiment was 80, and the standard deviation, 
Sy, of the individual plot yield from the line is 5.85 per cent. The some¬ 
what high value of the coefficient of correlation, r = 0.715 ± 0.055, indicates 



230 


PliANT PHYSIOLOGT 




HUiL AND THOMAS: LEAF DESTBtJCtlON 


23 } 


that considerable confidence may be reposed in equation (la) as expressing 
the relation between yield and leaf destruction for a single fumigation. 
The difference between the origin of this curve at 98.6 per cent, yield and 
at 100 per cent, is without significance, considering the large value of the 
standard deviation of the yield from the curve. The equation indicates 
that a fumigation which destroys all of the fully matured leaf tissue of a 
plant at any given time could be expected to reduce the yield about 28 per 
cent., and that the destruction of any given percentage of leaf tissue could 
be expected to reduce the yield by that same percentage of 28 per cent. 



0 \0 20 30 40 30 60 70 dO <^0 


% Leof Area destroyed (X). 

Fiq. 1. Effect of the destruction of various percentages of leaf tissue by a single 
sulphur dioxide fumigation on the relative yield of alfalfa. Each point represents the 
yield of the fumigated crop from a plot as compared with the untreated crops from the 
same plot; 1929 data. 

In 1930 the attempt was made to produce the same percentage of leaf 
destruction on certain crops in each of one, two, and three fumigations. 
The percentage of leaves which were marked was determined, as well as the 
percentage of the leaf area destroyed. In the multiple fumigations these 
values are expressed as the average of the individual percentages for each 
fumigation. These data are presented in figures 2 and 3. 

In the upper chart of figure 2 are given the 1930 data. These dupli¬ 
cate the 1929 e:3q[)eriment8 recorded in figure 1, except that the points are 
segregated as to stage of growtii at time of fumigation, instead of as to the 
crop fumigated. The equation of the best-fit straight line is: 
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% Leaf Area destroi^ed <X). 

Fig. 2. Effect of the destruction of various percentages of leaf tissue by one, two, 
and three sulphur dioxide fumigations on a single crop on the yield of alfalfa. Yield 
o# fumigated crop is expressed as percentage of yield of untreated crops on the same 
plot; 1930 data. 
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Fig. 3. Effect of the destruction of various percentages of leaf tissue by one, two, 
and three sulphur dioxide fumigations on a single crop on the yield of alfalfa. Leaf 
destruction is shown as percentage of the total number of leaves which were marked in 
any degree. Yield values are the same as in fig. 2 ; 1930 data. 
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y = 99,5-.0.302x. (lb) 

11== 96 

Sy « 7.35 per cent. 
r=: 0.64 ±: 0.060 

It is apparent that these 1930 data confirm those o£ 1929 in a very satis¬ 
factory manner. 

From figures 2 and 3 it is shown that a double or a triple fumigation 
produces greater reduction of yield than a single fumigation. The equa¬ 
tions and statistics of the straight-line relations between the percentage of 
leaf area destroyed and yield are as follows: 

For the double fumigation: 

y = 95.5-0.489x.(2) 

n = 34 

Sy = 8.15 per cent. 
r = 0.79± 0.065 

For the triple fumigation: 

y = 96.6^0.754x.(3) 

n = 12 

Sy = 4.1 per cent. 
r=:0.975 ± 0.014 

The value of the yield in the case of two complete leaf destructions on 
one crop is thus about 47 per cent.; and in the case of three complete leaf 
destructions, about 21 per cent. While neither of these curves strikes the 
origin at 100 per cent, yield, they both strike within the standard deviation 
of the values of the yield. The effect of the injury is shown only roughly 
in both the double and triple fumigation treatments, in spite of the higher 
values of the coefficient of correlation, r, since the data are hardly sufficient 
to characterize the curves with a high degree of precision. 

In figure 3, which shows the yield as affected by the percentage of leaves 
which show markings, rather than by the percentage of leaf area destroyed, 
a straight-line function does not fit the data, and a logarithmic equation 
has therefore been worked out by the method of least squares. The reason 
for this is that there is a much greater difference between the percentages 
of leaves marked and the leaf area destroyed with low percentages of the 
leaf destruction than with high percentages. The equations and statistics 
of these three curves are as follows; 

For the single fumigation; 

ys=28.6 log (110-x) 4-40.5.(4) 

n = 96 

Sy = 7.36 per cent. 

r = 0.59 ±: 0.067 = index of correlation 
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For the double fumigation: 

y=48.01og (110-x)-1.0. (5) 

n = 34 

Sy = 7.4 per cent. 
r = 0.835 ±0.052 

For the triple fumigation: 

y = 75.5 log (110-x) -54.3.(6) 

n = 12 

Sy = 5.25 per cent. 
r=:0.96± 0.023 

In figure 2 the point designations refer to early, medium, and late stages 
of growth respectively, and in figures 1 and 3 similar designations refer to 
first, second, third, and fourth crops. 

These data indicate that any given percentage of leaf destruction of 
alfalfa is accompanied by approximately the same percentage of decrease 
in yield, regardless of the stage of growth or whether it is the first, second, 
third, or fourth crop, providing time is allowed for the treatment to take 
effect. Of course a very late fumigation, just before harvest, could hardly 
be expected to affect the yield; but in these experiments the crop was not 
harvested until at least seven to ten days after the last fumigation, thus 
allowing the influence of the fumigation to be fully reflected in the yield. 
Similarly the alfalfa had been growing a week before the experiments were 
begun. 

The six curves shown in figures 2 and 3 are brought together in figure 4, 
in order to compare and contrast, in their effect on yield, the different per¬ 
centages of leaf destruction and the percentages of leaves showing mark¬ 
ings. A horizontal line, drawn from any point on any one of the dotted- 
line curves to the point that it intersects on the corresponding straight-line 
curve, will indicate the percentage of leaf destruction to which any chosen 
percentage of leaves showing markings corresponds. Thus, if 50 per cent, 
of the leaves show markings in one fumigation, approximately 29 per cent, 
of the leaf area of the plot will have been destroyed, thereby lowering the 
yield by approximately 9 per cent. Similarly, if 75 per cent, of the leaves 
show markings, nearly 55 per cent, of the leaf area will have been destroyed, 
with a corresponding reduction in yield of about 17 per cent. It is inter¬ 
esting to note also that a reduction in yield of 30 per cent, is indicated with 
a single 100-per cent, leaf destruction, or a double 52-per cent, leaf destruc¬ 
tion, or a triple 35-per cent, leaf destruction. 

These yield data are based on the average leaf destruction and average 
yield for plots of about twenty plants. The individual plants in any plot, 
however, vary greatly at different times, and also vary greatly from one 
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- % Leaues morKeS 

% Leaf Arto de«f roiled 

Fig. 4. Summary and comparison of the leaf-yield-destriiction curves from figs. 2 
and 3. Each curve represents one, two, and three fumigations on a single crop, and the 
leaf destruction is expressed as percentage of the total leaf area destroyed and as the 
percentage of the total number of leaves marked to any degree. 

another in their ability to absorb sulphur dioxide. While this subject will 
be treated at length in a subsequent paper, it is desirable to call attention 
here to the fact of considerable differences between the percentages of mark¬ 
ings on the different plants in a plot following a given fumigation. Table II 

TABLE II 

PBBCENTAGE op leap reduction on nineteen DIPPERENT plants in plot 51-2, PUMIGATED 
August 2, with an average leap destruction op 16.2%, and again on August 

11, 1930, WITH AN ADDITIONAL AVERAGE LEAP DESTRUCTION OP 38% 


Plot 51-2, 

, August 2 

Plot 51-2, 

August 31 

Bow 1 

Bow 2 1 

Bow 3 

Bow 4 

Bow 1 1 

1 Row 2 

1 Row 3 

Row 4 

16 

30 

12 I 

1 30 

30 

75 

1 :i8 

i 60 

20 


5 i 

8 

40 

j 

! 20 

25 

15 

30 

25 ! 

1 

' 4 

30 

: 55 

35 

25 

50 

1 

15 ' 

12 

65 

35 1 

15 

15 

25 

2 

20 j 

1 ® 

65 ; 

35 

70 

i 


has been compiled to illustrate these differences. As will be noted in this 
table, the plants in plot 51-2 were fumigated twice during the same crop, 
on August 2 when the stems w^ere 16,5 inches tall, and on August 11 when 
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the same stems averaged 19.8 inches in height Comparison of the per¬ 
centages of leaf destruction of different plants in the two fumigations will 
illustrate the variability in sensitiveness of the individual plants, as well as 
of the plants in the plot 

It seemed desirable to recalculate some of the yield data with this varia¬ 
bility in mind. A number of plants were therefore selected at random 
from all parts of the field. These plants had all had a single fumigation 
on one crop in 1930. They were placed in seven groups, each group rep¬ 
resenting a different percentage of leaf destruction. The yield of each 
plant was then calculated, using the method already described for the plot 
yields. Table III presents the average leaf destruction and the average 
yield of each of these groups of plants, together with the standard devia¬ 
tions of the means of the yield. A comparison of the last two columns of the 

TABLE III 


BELATIVB yields of groups of ONCB'FUMIGATED individual alfalfa plants selected at 

RANDOM FROM ALL PARTS OF THE FIELD, BASED ON PERCENTAGE OF LEAF DESTRUC* 
TION, COMPARED WITH THOSE CALCULATED FROM EQUATION (1b) ; 1930 DATA 


No. OF PLANTS 

Leaf destruction 

Yields in per¬ 
centage OF 
! check 

YIEIjDS calou- 
i dated from 
equation (1b) 

Range I 

Average 


% 

% 

% 


71 

Less than 1% 

0.5 

1 

104 ± 2.3* 

99 

68 

CklO 

i 8 

94 ± 1.6 

97 

52 

20-25 

23 

94 ± 2.0 

93 

50 

40-45 

42 

89 ± 2.0 j 

87 

29 

55-60 1 

57 

83 ± 2.6 

83 

62 

70-75 

73 

81 ± 1.2 

78 

31 

85-95 

92 

72 ± 2.1 

72 


* Standard error of the mean. 


table indicates the agreement between these yield values and those calcu¬ 
lated from equation (lb). Both show very definitely that the decrease in 
yield of alfalfa is directly proportional to the percentage of leaf destruction. 

C. Yield of alfalfa as influenced by chlorotic sulphur dioxide mark¬ 
ings. —Thus far in this study, the effects of only the acute type of mark¬ 
ings have been considered. The conditions producing the chlorotic type 
are not very well understood, but they have been observed four or more 
days subsequent to short fumigations when the light intensity was low and 
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the eottcentration of sulphur dioxide was sufSciently hig^h so that under 
conditions of high light intensity, severe acute markings would have re¬ 
sulted* Chlorotic markings also appear not infrequently after long- 
continued exposures to low concentrations of sulphur dioxide which are 
insufficient to produce markings of the acute type. Since chlorosis from a 
number of widely different causes is common on plants that have not been 
fumigated, it is frequently uncertain whether, in certain cases, the mark¬ 
ings on plants which have been fumigated are due to sulphur dioxide or not. 

TABLE IV 

Bblativb yield or alfalfa as affected by sulphub dioxide markings of the 

CHLOROnc TYPE 


No. 

OF 

Treatment 

1 Leaf AREA marked 

Yield 

Standard 

DEVIATION 

Standard 

DEVIATION 

Yield 

CALCU¬ 

LATED 

FROM 

EQUATION 

(IB) 

PLOTS 


Acute 

type 

Chlorotic 

TYPE 


OF mean 



% 

% 

% 

% 

% 

% 

13 

Fumigated 

0.5 

9.2 

&6.0 

5.35 

1.5 

96.7 


Table IV gives the yield of thirteen plots of alfalfa, upon the leaves of 
which numerous chlorotic markings were produced. While these data are 
insufBcient to characterize the effect quantitatively, they indicate that the 
chlorotic lesions are not more effective in reducing yield than the same 
percentage of leaf area destroyed by the acute type of injury. 

D. Yield op alfalfa as affected by clipping treatments. —^In 1931, in¬ 
stead of destroying portions of alfalfa leaves with sulphur dioxide, the same 
range of percentages of leaf reduction as in the 1930 experiments was 
approximated by clipping off the leaves. These two treatments differed in 
the fact that, for a given amount of leaf destruction, whole leaves w^ere 
removed by clipping and normal leaves left, whereas with fumigation, all 
the leaves were subjected to sulphur dioxide and the leaf destruction on 
individual leaves varied from zero to as much as 100 per cent, in some 
eases. Also the clipping treatment was applied uniformly to all of the 
plants, whereas with the sulphur dioxide treatments the individual plants 
of the plot showed widely varying percentages of leaf destruction, as indi¬ 
cated by table II. It is interesting to note, therefore, the close agreement 
in the yields between corresponding percentages destroyed by fumigation 
and by clipping. 

The clipping treatment was applied to the second crop only. The other 
crops throughout the season were harvested as checks. Nine treatments 
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were carried out as follows: single, double, and triple clippings, in each of 
which about 20, 50, and 90 per cent, of the leaves were removed from each 
stem. In the case of double and triple clippings, the 20, 50, and 90 per 
cent, respectively of the leaves on each stem at the time of each clipping 
were removed. About forty-five plants from five different plots were sub¬ 
jected to each treatment. These treatment were carried out in the fol¬ 
lowing order: 

1. First of the triple clippings 

2. First of the double clippings 

3. Single clippings 

4. Second of the triple clippings 

5. Second of the double clippings 

6. Third of the triple clippings 

The triple clipping was begun about ten days after the harvest of the 
first crop, and was finished about seven days before the harvest of the sec¬ 
ond crop. The leaves from each plant were dried and weighed separately. 
The results are shown in table V, which gives the yield of the second crop 
with and without the leaves that were removed, and also the yield of the 
other three crops. 

TABLE V 

Effect on yield of immediate and of two subsequent crops of alfalfa of clipping off 

DIFFERENT PERCENTAGES OF LEAVES; CLIPPINGS MADE FROM SECOND CROP 


hi 

O 

6 

Second crop 
treatment 

Yield in percentage of check (first crop) 

first 

CROP 

Second crop 

Third crop 

Fourth crop 

No. 

OF 

CUP¬ 

PINGS 

Percent¬ 
age OF 
LEAVES 
REMOVED 

Weight 

Weight + 
weight of 

LEAVES 

REMOVED 

45 

1 

20 

100 

94.2 ± 2,26* 

98.7 ± 2.40* 

104.2 ± 3.17* 

96.0 ± 2.80* 

42 

1 

50 


80.3 ± 2.11 

89.8 ± 2.34 

97.5 :t 2.22 

94.0 ± 2.87 

45 

1 

90 

(i 

68.0 ± 1.74 

79.0 ± 1.89 

93.5 ± 2.76 

96.0 ± 2.68 

48 

2 

20 


85.5 ± 2.38 

94.8 ± 2.47 

100.6 ± 3.04 

96.9 ± 2.54 

45 

2 

50 


70.9 ± 1.68 

88.2 ± 1.74 

91.9 ±1.94 

99.1 ± 2.46 

46 

2 

90 


57.8 ± 1.70 

80.3 ± 2.50 

81,6 ± 2.15 

93.7 ± 2.97 

48 

3 

20 

tt 

70.4 ± 1.85 

81.0 ± 2.12 

99.6 ± 3.15 

100.3 ± 2.73 

47 

3 

50 

ti 

61.3 ± 1.60 

78.3 ± 1.94 

93.5 ± 1.62 

97.0 ± 2.25 

46 

3 

90 

4 4 

41.5 ± 1.24 

62.0 ± 1.77 

73.8 ± 2.38 

93.5 ± 2.15 


* Standard error of the mean. 


In figure 5 the yield data for the clipping treatments have been plotted 
and the curves superimposed upon the fumigation yield curves from fig¬ 
ure 2. The close agreement between these curves indicates that correspond- 
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Fig. 5. EiFect of clipping off various percentages of leaves one, two, and three 
times during the growth of a single crop on the yield of alfalfa. Treatments were ap* 
plied on the second crop. The yield of each partially>defoliated crop is compared with 
the yield of the untreated crox>s from the same plots. Dotted lines are fumigation yield 

curves from fig. 2; 1931 data. 
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ing partial defoliations by clipping and by fumigation with SO 2 give ap¬ 
proximately the same reduction of 3 deld. It should be noted that in the 
case of light fumigations there is little tendency to shed the injured leaves, 
and consequently the abscission yield data plus the weight of the leaves 
removed should agree more closely with the fumigation yield data at small 
percentages of leaf destruction. On the other hand, the abscission yield 
data without the weight of the removed leaves should agree more closely 
with the fumigation data showing large percentages of leaf destruction, on 
account of the tendency to shed the badly marked leaves. This agreement is 
shown in figure 5. The most extreme treatments appear to reduce the yield 
somewhat more in the case of fumigation than in the case of corresponding 
defoliation by clipping. The difference, although small, is possibly due to 
an added percentage of green tissue which is lost to the plant when 
the badly burned leaves are shed. The remarkable concordance between 
the fumigation and abscission treatments indicates that sulphur dioxide 
affects the alfalfa plant essentially and proportionately by removing leaf 
tissue. If any other effect is produced, it is of a definitely minor character. 

E. Effects of partial defoliation on subsequent crops. —Table V also 
indicates that the yield on the third and fourth crops, subsequent to clip¬ 
ping the leaves on the second crop, is nearly normal in the case of the less 
severe treatments. The yield of the third crop, however, following the 
triple 90 per cent, clipping on the second crop, is only about 74 per cent, 
of normal, and the yield of the fourth crop is only about 94 per cent, of 
normal. In the case of the double 90 per cent, clipping on the second crop, 
these values are 82 per cent, normal for the third crop and 94 per cent, 
normal for the fourth. This effect, which possibly is to be explained by 
root depletion during second-crop recovery, has also been similarly noted 
in the case of heavily fumigated treatments (table VI). The fumigation 


TABLE VI 

Influence op sbvebity op sulphue dioxide fumigations upon relative yields of the 

SUBSEQUENT CROP OF ALFALFA 


No. OF PLOTS 

Average yiei^d of 

FUMIGATED CROP 

Average yield of subse- 

QUENT UNTREATED CROP 

Banqe 

Average 


% 

% 

% 

28 

80-90 

85.7 

99.2 ± 3.7* 

10 1 

70-80 

76.6 

92.2 ± 6.7 

8 

60-70 

65.8 

81.3 ± 4.6 

5 1 

1 

40-60 

52.2 

72.0 ± 7.5 


* Standard arror of the mean. 
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Fig. 6. Effect of leaf destruction by sulphur dioxide fumigation and by correspond¬ 
ing leaf clipping on the growth and formation of new leaves on individual stems of 
alfalfa. 
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treatments, however, were not especially planned to reveal this eflEeet, as 
were the abscission treatments, and data are available on only one crop sub¬ 
sequent to the fumigation. 

In table VI the 1930 yield data of the fumigated plots have been ar¬ 
ranged in groups of 10 per cent, range, except for the fourth entry, 
in which it is 20 per cent. Tables V and VI indicate that the rates of re¬ 
covery from abscission and fumigation treatments are nearly identical, and 
that the subsequent crop is practically normal if the treatment of the crop 
which precedes it does not reduce the yield more than about 15 per cent. 

F. Growth and leaf production of individual alfalfa stems.— To de¬ 
termine the behavior of alfalfa plants following fumigation and clipping 
treatments, twenty comparable vigorous stems were twice subjected to each 
treatment and their subsequent growth was compared with that from forty 
corresponding untreated stems. In this experiment the numbers of leaves 
were counted and the heights of the stems were measured at intervals 
throughout the growth period. These data are presented in figure 6. At 
harvest time the average dry weight of the fumigated stems was 9.8 grams, 
of the clipped stems, 10.1 grams, and of the untreated stems, 16.2 grams. 
While these observations have not been sufficiently extensive in character 
to have quantitative significance, they indicate that recovery of the plants 
from fumigation treatments is similar to that from abscission treatments, 
and that in both ca.ses the subsequent production of leaves and growth of 
stems is comparable with that of untreated stems. 

Summary 

1. Sulphur dioxide lesions on alfalfa are of two types, acute and chlo¬ 
rotic. The former shows characteristic bleached interveinal and marginal 
areas in otherwise normally appearing leaves; the latter exhibits a more or 
less yellowed and mottled appearance and is similar to chlorosis as produced 
by a number of other causes. 

2. The reduction in yield of alfalfa subjected to a single sulphur diox¬ 
ide fumigation of one crop Ls in direct proportion to the percentage of leaf 
area destroyed. The stage of growth at which the fumigation occurs does 
not appear to influence the result, at least within the range of 25-75 per 
cent, of the total growth period of the plant. 

3. If a crop is fumigated more than once, assuming at least a week to 
elapse between fumigations each of which produces the same percentage of 
leaf destruction, the reduction of the yield is also in proportion to the num¬ 
ber of fumigations. 

4. The reduction in yield is not a linear function of the number of leaves 
marked, indicating that the uninjured portions of the leaves continue to 
function in spite of bleached areas. 
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5. The yield-leaf-destriiction curves all closely approach 100 per cent, 
yield at 0-per cent, leaf destruction, indicating that the gas does not reduce 
the yield unless it produces visible effects. 

6. The reductions of yield caused by sulphur dioxide fumigation can be 
closely duplicated by clipping off from normal plants an amount of leaf 
tissue equivalent in area to that destroyed by fumigation. 

7. Like acute markings, chlorotic sulphur dioxide markings appear to 
lower the yield in direct proportion to the percentage of leaf tissue visibly 
affected. 

8. A severe defoliation treatment, either by fumigation or by clipping, 
which lowers the yield of the treated crop extensively, also reduces the yield 
of the subsequent untreated crop appreciably, and may even be felt slightly 
in the second subsequent untreated crop. 

9. The subsequent growth of new leaves, and the elongation of the stems 
following a partial defoliation, proceed at the same rate, regardless of 
whether the leaf destruction was accomplished by sulphur dioxide fumiga¬ 
tion or by clipping. 

Department or Agricultural Research, 

American Smelting and Refining Co., 

Salt Lake (^ty, TTtah. 
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PHOTOSYNTHESIS IN VARIOUS PORTIONS OF THE SPECTRUM' 

a. Biohard Burns 
(with three figures) 

Introduction 

The work on photosynthesis in various parts of the spectrum has been 
recently reviewed (6, 1, 9), and need not be repeated here except to call 
attention to the experimental methods and the results of the work of War¬ 
burg and Negelein (6), Wurmser (7, 8), and Briggs (1). Using a uni¬ 
cellular alga, ChloreUa vulgaris, Warburg and Negeuein found, under the 
conditions of their experiments, that for the reduction of one molecule of 
carbon dioxide, 4.4 quanta were necessary in the red, 4.3 in the green, and 
5.1 in the blue. Wurmser found a higher value in the green, and con¬ 
cluded that photosynthesis does not follow the photochemical equivalence 
law. Briggs, working with land plants, agrees with Warburg rather than 
with Wurmser. In the blue his results are similar to those of the writer 
in the blue-violet. Warburg and Wurmser, using water suspensions of 
algae, were able to obtain a condition of complete absorption and very low 
reflection. Briggs, using cut leaves from land plants, had incomplete ab¬ 
sorption. All corrected for respiration by adding the dark-rate respiration 
to their apparent rate of photosynthesis. This expedient is necessary if one 
wishes to determine the absolute quantum juelds. In determining rela¬ 
tive quantum yields, the writer’s method makes it necessary to assume only 
that respiration is the same under two light intensities that are causing the 
same amount of photosynthesis. 

The experiments reported in this paper were undertaken from a some¬ 
what different point of view than the preceding. The chief object was to 
determine how efficiently certain trees could use various portions of the 
spectrum in photosynthesis. For this reason interest centered primarily 
on the incident radiation rather than on the absorbed radiation, and no 
attempts were made to measure absorption and. reflection. To determine 
the photosynthetic efficiency on the basis of incident light, the plants could 
not be allowed to grow for a long time in colored light, as the effect of 
different wave lengths of light on the physical form of the plant entirely 
masks the photosynthetic effect (2, 4). Single leaves or groups of leaves 
could not be used, as the removal of any portion of a plant affects the rate 
of photosynthesis or of respiration. Narrow-leaved plants were used since 

1 Published with the consent of the Director of the Vermont Agricultural Experi¬ 
ment Station. 
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with broad-kaved plants a slight movement of the leaves may result in a 
considerable change in their effective area and reflection. The narrow¬ 
leaved plants used had the additional advantage that they were dark in 
color and thus absorbed a large portion of the incident radiation. The 
main features of the experimental method were: careful preliminary ad¬ 
justment of the plant to the light intensity to be employed; use of light 
of constant and known intensity so adjusted that the amount of photosyn¬ 
thesis in each pair of determinations was the same; and, finally, measure¬ 
ment of the amount of photosynthesis from the decrease in carbon-dioxide 
concentration in the air surrounding the plant. 

Apparatus 

Plants used.— ^White pine (Pinus strohus), Norway spruce (Picea 
exceha)j and Engelinann spruce {Picea engelmanni) were used, four-year- 
old nursery stock of regular shape and similar size being selected. They 
were potted and placed in a greenhouse three months before the work was 
begun. 

The experiments were carried out in a constant-temperature room cooled 
by cold air and kept at the necessary temperature by a thermostatically 
controlled, electrical ‘'space heater.’' The temperature at the plant was 
28® zt 0.5® C. unless otherwise stated. The temperature coefficient at this 
temperature, with the light intensities used, is one. 

The light sources were four 1000-watt, 115-volt, projection type Mazda 
lamps operated at 110 volts. This type had the advantage of giving more 
light and having smaller bulbs than the ordinary lamp. The rate of decay 
in visible radiation was about 1 per cent, per hour at 110 volts and 2 per 
cent, at 115 volts. Line voltage fluctuations were virtually eliminated by 
the use of a General Electric miniature automatic induction voltage regu¬ 
lator. If the voltage fell to 109.5 or rose to 110.5, this instrument returned 
it to 110.0. This made the maximum deviation in light intensity about 1 
per cent, and the average variation about 0.5 per cent. It was essential 
that some means of regulating the voltage be used, inasmuch as a 5.5 per 
cent, change in voltage resulted in a 16 per cent, change in the intensity 
of the radiation between 1150 mij and 400 mp, and a 28 per cent, change 
between 550 mp and 400 mp. To avoid reflected radiation, the bulb was 
surrounded with a blackened shield having a 10-cm. aperture toward the 
plant. A water filter was placed directly outside this aperture at a dis¬ 
tance of 6 cm. from the filament. The water filter consisted of a 6-inch 
brass ring, 1 inch wide, with 3-mm. plate glass windows ground on and 
held in place by clamps. Tap water was circulated through these at 2.5 ft,® 
per hour. It removed infra-red radiation to 1150 mp. Because of the 
large area to be illuminated and the high intensity required, it was not pos- 
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sible to iise anything approaching monochromatic light. Glass color filters 
were used which isolated the red, red-yellow, and blue-violet portions of 
the visible spectrum (fig. 1). These were fastened to the water cells. The 
blue-violet filters sometimes broke in spite of protection afforded by the 
water cell. 


The radiation intensity was determined by a linear thermopile fitted 
with a 10-cm. water cell with quartz windows. A balanced-current method 
% 
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Fig. 1. Transmission spectra of filters with lamp at 110 volts. 1, Blue-violet + 
water filter. 2. Red-yellow + water filter. 3. Red + water filter. 4. Water filter. 5. No 
filter, fi. Sunlight (visible only, greatly reduced). 




250 


pijAnt physiology 


mis employed, using a galvanometer as a zero instrument (3). The 10-em. 
water eell insured more accurate readings by absorbing re-radiation from 
the hot glass filters; and, by absorbing an additional amount of the infra¬ 
red, made poesible a more accurate calculation of the amount of visible 
radiation. The conversion factors necessary to determine the total radia¬ 
tion and the light intensity were found both by direct and by spectrometric 



Fig. 2. Arrangement of lights, top and side view. B, bulb; 8, shield; W, water 
filter; F, color filter; T, tree; J, bell-jar. 

measurements. The factors by the two methods differed by not more than 
0.4 per cent. The transmission spectra of the water cells and the color 
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filters were measured by means of a Hilger spectrometer (D 77) and 
thermopile. 

The four lights were placed at the four corners of a rectangle, with one 
plant near the center and the second plant as close to it as possible (fig. 2). 
The plants were always set in exactly the same position, and when the lights 
were moved they were moved directly towards or away from the plant near 
the center. The radiation intensity was measured at the point that had 
been occupied by the center of the crown of the plant. This gave a value 
that is about 1 per cent, low, owing to the fact that some of the leaves are 
in front of this point and some are behind it. The lights and the trees were 
on the same level. 

Since the relative amount of photosynthesis was determined by carbon- 
dioxide assimilation, generally considered the most accurate criterion, it was 
necessary to have the crown of the tree in a gas-tight container. This was 
done by fitting a ground-glass plate around the lower part of the stem and 
sealing a bell-jar on the plate with stop-cock grease. The bell-jar was 
equipped with a fan, so arranged that it would not shade the tree yet would 
provide adequate mixing of the gas before analysis. The smallest possible 
bell-jar was used, as this made the percentage decrease in carbon dioxide 
greater and thus increased the accuracy of the results. The bell-jars w^ere 
used with the inside surface wet with a dilute soap solution. This was the 
only method found which would prevent the formation of a fog by the 
transpired moisture from the plant. The soap film was found to have no 
measurable eflPeet on the carbon-dioxide concentration. The light transmis¬ 
sion of the wet bell-jars w’as measured with the jar whirling rapidly with 
an excentric motion. In table I are presented the volumes and transmission 
data for the bell-jars used. 

The carbon-dioxide determinations were made with a modified Haldane 

TABLE I 


Bell-jab 

Runs used 

Volume 

Transmission 

1 

NS 

1 

1-68 

8,850 

89 

1 

P 

1 

All 



2 

NS 

2 

60-73 

10,350 

84 

3 

NS 

2 

1-68 

10,750 i 

88 

4 

ES 

4 

All 

2,700 

89.5 

5 

ES 

3 

All 

5,150 

90 

5 

P 

4 

All 



5 

P 

3 

41-43 1 

. 


6 

P 

3 

1-41,44-70 

4,600 

89 

7 

NS 

1 

69-73 j 

5,260 

88 
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gtas analysis apparatus with which it was possible to determine the per¬ 
centage of carbon dioxide to 0.005. 

Experimental procedure 

The crown of the tree was carefully inserted through a hole in a ground- 
glass plate and the opening around the stem closed with a rubber stopper 
and grafting wax. The whole was then set on a base which supported the 
pot and the plate so that they could not move. The tree was then placed 
outdoors in light of approximately the same intensity as was to be used in 
the experiment and left for one week. This was a most important pre¬ 
caution, as in the case of the spruces a decrease as great as 15 per cent, re¬ 
sulted in the amount of carbon dioxide used when the tree was exposed to 
bright sunlight the day before the determination. In the case of white 
pine, which is more sensitive to such changes, the minimum light require¬ 
ment, that is, the light intensity at which photosynthesis and respiration 
balance, was found to have decreased 50 per cent, after the tree had been 
in dull light for six days. 

For a determination, the plant was brought into the constant tempera¬ 
ture room, the bell-jar sealed on and tested for leaks, carbon dioxide intro¬ 
duced until its concentration was about 1 per cent., and the plant placed 
in a light intensity near its minimum light requirement. After half an 
hour the gas was well mixed, an accurate analysis made, and the plant 
placed in the desired light intensity for exactly two hours. At the expira¬ 
tion of this time it was withdrawn, the radiation intensity measured, and 
the final gas analysis made. As a rule tw^o plants w^ere used at the same 
time and two sets of determinations were made each day. After the last 
analysis of the day the plants were again placed outdoors in the dull light. 

As would be expected, it was found to be important that the initial 
amount of carbon dioxide be kept uniform. Initial concentrations as high 
as 2 per cent, and as low as 0.1 per cent, were found to make detectable dif¬ 
ferences in the minimum light requirement. The decrease in concentration 
of carbon dioxide during a determination is the amount that has been used 
by photosynthesis minus the amount given off by respiration. Since it was 
not possible to determine the amount of respiration, the light intensities 
were so adjusted that the total change in carbon dioxide was about the 
same in each pair of determinations, in order that the efficiency of the two 
kinds of light could be judged from their relative intensities. Under these 
conditions it was safer to assume that respiration, and therefore photosyn¬ 
thesis, was the same. The method had the additional advantage that the 
ranges of available carbon-dioxide concentrations were the same. The 
small corrections necessary to find the light intensities that would give 
exactly equal decreases in carbon-dioxide concentration were determined by 
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making a graph of the light intensities against the decrease in carbon 
dioxide (fig. 3). To eliminate errors due to the plants being imperfectly 
adjusted to the low light intensity, the determinations with colored light 
were run first one day and second the next. If the photosynthetic efficiency 
were still changing, the two sets of determinations would not agree but 
their average would be close to the true value. 

Results 

In the following tables the run number is the serial number of the day 
on which the determination was made, and the number of primes indicates 
whether it was the first, second, or third determination on the tree that day. 
The second column gives the number of the tree used: P for white pine, 
NS for Norway spruce, and E8 for Bngelmann .spruce. The next column 
gives the filters used; the next, the decrease in carbon-dioxide concentra¬ 
tion expressed as percentage of total gas; then the total radiation in calories 
per cm.“ per run x 10. The column headed light’’ is the amount of radi¬ 
ation sliorter than 720 mp in calories per cm.* per run x 10 (70 in these 
readings is about equal to 1 per cent, full sunlight). The values are not 
corrected for transmission of the bell-jars. The column ‘‘efficiency based 
on radiation” gives the number of parts of total radiation (see fig. 1) 
through the 1-inch water filter necessary to produce the same decrease of 
carbon dioxide as 100 parts of the radiation being studied. The next 
column is the same but based on the light intensity and not the total radi¬ 
ation. For example, in table II, white pine 3 on an afternoon run in the 
43rd experiment with the radiation from the bulbs filtered through 1 inch 
of water and the blue-violet filter reduced the percentage of carbon dioxide 
in the bell-jar by 0.065 and 0.060, as shown by duplicate readings. During 
this time the total radiation received by the plant was 58.8 cal. per cm.* x 10, 
and the light, that is, the amount of radiation shorter than 720 mp, was 
40.0 cal. per cm.* x 10. When the blue-violet filter was removed and the 
lights moved farther away, however, the same tree in the noon run (43'*') 
reduced the percentage of carbon dioxide in the bell-jar by 0.085, 0.080. 
The total radiation in this determination w^as 57.2 and the light 19.2. The 
amounts of radiation and light necessary to reduce the percentage of carbon 
dioxide by 0.0625, determined by means of a graph (fig. 3), were 48.0 and 
16.2 respectively. The calculated value for the radiation through the 
1-inch water filter multiplied) by 100, divided by the amount of the blue- 
violet radiation, gives 81.7, the efficiency of the blue-violet radiation. That 
is, 81.7 parts of radiation through the 1-inch water filter were equal to 
100 parts of radiation through the 1-inch water filter plus the blue-violet 
filter. Taking as values the light intensities rather than the total radiation 
intensities, the efficiency of the blue-violet is 40.4. These figures are based 
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on the assumption that radiation of wave length longer than 720 mjj is 
useless in photosynthesis. This is a major assumption, of course, and prac¬ 
tically without direct experimental proof. There are, however, many things 
indicating that this is true. An investigation of the exact long wave-length 
limit of photosynthesis will be started in the near future. The final column 
gives the sum of the errors that would result from an error of 0.01 per 
cent, (twice the actual error) in the gas analysis, and the probable error 
in correcting the light intensity from the graph. In addition to this there 
are errors of 1 per cent, in measuring the radiation intensity, 0.5 per cent, 
from variation of the radiation intensity, and a constant error in calcu¬ 
lating the radiation and light intensity. 

In the runs in which the blue-violet filter was used, the voltage was 
raised to 115 in order to increase the amount of energy in this portion of 
the spectrum. The runs with the water filter alone were at 110 volts. 
Owing to the low intensity of the blue-violet, the lights were much closer 
to the plant, and this slightly increased the error in measuring the light 
intensity. To reduce the white light to a comparable intensity, it was 
necessary to use smoked screening in front of the water cells in addition to 
moving the lights farther away. It should be noticed that the change in 
efiSciency in white pine 4 is due to a loss of eflSciency in white light, rather 
than to any change in the blue-violet. For this reason white pine 3 was 
given a 7-hour exposure to the blue light in run no. 42. In this case no 
such marked change was observed. 

The efiBciency of the red-yellow would be the same regardless of the long 
wave-length limit of photosynthesis, since these filters transmit the same 
proportions of infra-red as do the 1-inch water cells. White pine 4 gives 
the same results here that it did with the blue-violet. With white pine 3 
a slight fog was formed as noted. This throws the values off by as much 
as 10 per cent. Determinations 65 and 66 are probably the most accurate, 
as the 64' falls out of place on the graph. 

The determinations 58 to 60 inclusive, on white pine and Engel- 
mann spruce, were made after the trees had been placed in a small cubical 
greenhouse glazed wdth 80 panes of the red filter glass and left for three 
weeks in full sunlight. The last ten days of this time were almost cloud¬ 
less. The customary acclimation period was omitted. It will be noticed 
that this treatment resulted in a considerable change in the relative 
efiBciencies. 

These determinations show that infra-red radiation longer than 1100 
mp is slightly detrimental to photosynthesis when the plant is at a sufiS- 
ciently high temperature. It should be noted that the temperature coef¬ 
ficient of photosynthesis at 28° C. is so near 1 that no effect of tempera¬ 
ture can be detected in these measurements. It is also interesting to note 
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that with pine the adverse effect of the infra-red is more noticeable in the 
early morning run than in the later one. 

The following summary gives the amount, in calories, of white light 
(720-390 mp) necessary to give the same percentage decrease in carbon- 
dioxide concentration m 100 calories of the light in question: 
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Relative quantum yields 

The effective area of white pine 3 was calculated by photographing the 
tree from the positions of the four lights, enlarging these, and cutting out 
the unexposed portions. The weight of these was then compared with the 
weight of a known area photographed and enlarged in the same manner. 
Suitable precautions were taken to avoid the creeping of the background 
over the image. The average of the four areas was 105 ± 10. cm.* 

The respiration of this plant was taken as 0.17 per cent. That is the 
amount that the plant respires in the two hours immediately following a 
run, and was close to the exterpolated value from the graph. After some 
hours in darkness it dropped to 0.04 per cent. Assuming complete absorp¬ 
tion, no reflection, and the limit of photosynthesis at 720 mp, the value 
varies from 8 quanta per molecule of carbon dioxide in the low light in¬ 
tensities to 12 in the high. Higher quantum yields could undoubtedly be 
obtained by longer acclimation of the plant to low light intensities. The 
loss by reflection and transmission was about 40 per cent. This would 
lower these values to 5 and 7. 

The relative quantum yields are of more significance and are given in 
the following summary: 
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The low values in the red may be due to the fact that photosynthesis 
stops before 720 mp or to low absorption. The differences between the pine 
and the spruce seem larger than that which could be attributed to their 
difference in color. The very low values for the blue-violet must be due to 
an actual falling off of photosynthesis. The results with red-yellow also 
indicate this. Since white light was about 70 per cent, red-yellow, the eiB- 
ciency of the remaining 30 per cent, must be low when 117 or 105 parts of 
white are necessary to equal 100 parts of red-yellow. 

Summary 

1. A method for determining the relative quantum yields in photosyn¬ 
thesis in different portions of the spectrum has been described and the ex¬ 
perimental errors determined. 

2. Infra-red radiation of wave length longer than 1100 mp is detrimen¬ 
tal to photosynthesis. 

3. With spruce the relative quantum yields in the wave lengths 720- 
630, 720-560, and 470-390 mp are 9.5, 10, and 5; and with pine, 9.5, 11, 
and 5. 

4. The actual quantum yield with pine is between 5 and 12 quanta per 
mole of carbon dioxide. 

5. A survey of these results from a botanical aspect will be published 
from the Vermont Agricultural Experiment Station, where this work was 
carried on. These experiments are being continued. 

Vermont Agricultural Experiment Station 
Burlington, Vermont 
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EFFECT OP LIGHT ON THE BIOELECTRIC POTENTIALS 
OP ISOLATED ELODEA LEAVES 
H. Bentley Glass 
(with nine figures) 

Introduction 

The theory that the electric polarities of cells and tissues of living organ¬ 
isms are probably due to oxidation-reduction systems has been advanced 
by Lund and his associates ( 2 ). They have further suggested that such 
potentials constitute a mechanism of correlation between the cells or parts 
of the organism ( 2 ) . The effect of light upon such systems seems therefore 
worthy of investigation. In 1892 Otto Haake showed that green leaves 
increase their E.M.F.s in a positive direction when illuminated, and that 
other plant tissues, if chlorophyll-free, are not so affected ( 1 ). Since that 
time methods for the detection of electrical phenomena have been greatly 
improved, but the question of the effect of radiant energy upon bioelectric 
phenomena in plants has remained practically unexplored. A summary of 
the work done up to the present upon these problems is to be found in the 
paper by Waller (7). In the present paper the results of a study of the 
responses made by single isolated leaves of Elodea are reported. This 
material was selected because of its simplicity of structure, each leaf having 
only two similar layers of large rectangular cells, and only one vein, the 
midrib; and because the absence of a cuticle facilitates the measurement of 
the potentials. 

Method 

The potentials between the tips and basal ends of detached leaves were 
measured with a Compton quadrant electrometer, the electrical circuit being 
identical with the one described by Lund (3). Isoelectric saturated zinc 
sulphate electrodes were used, and contact with the leaves was made through 
glass contact cups and arms, containing tap water (fig. 1). The leaves 
were placed in a moist chamber covered by a hood to exclude the light. 
They were supported on the contact arms in an upright position, so that 
the basal end was connected to the grounded quadrants, and the apex to 
the opposite pair (fig. 1). Since diffusion through the capillary arms of 
the contacts was very slow, and the water in them was changed every day, 
there was no danger of zinc sulphate solution reaching the leaf and injuring 
it. The contact cups passed through holes in the base of the moist chamber. 
These openings were sealed with flexible rubber joints, permitting move¬ 
ment of the contacts from outside the chamber while maintaining its her¬ 
metic sealing. When the walls of the moist chamber were covered with wet 

2«3 
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filter paper and the chamber was saturated with moisture, a leaf could be 
kept alive and in a normal state in it for many hours. The source of 
illumination was an electric globe with a linear filament, the beam being 
focused, after passing through a water chamber, by a microscope objective 
and ocular, then passing through a window into the moist chamber, and 
finally through the aperture of an iris diaphragm so as to fall upon the leaf 




FIG. lA. 

Pig. 1. Diagram of zinc sulphate electrodes, contact cups containing tap water, and 
contacts, with a leaf in position. 

Fig. 1A. Special capillary contact for leading off at various points along surface of 

leaf. 


in a small round spot 3 mm. in diameter, with an intensity of illumination 
of approximately 18,000 foot-candles. The light source was mounted upon 
a heavy base arranged to provide micro-manipulatory movement in three 
planes. AH experiments were repeated at least three times, and more in 
the case of divergence. No two leaves react in precisely the same way, yet 
the general agreement is very good. Readings were plotted directly in 
graph form from the scale at 12-second intervals. 
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Absence of effect of light on electric polarity of onion root 

Preliminary readings were made on onion roots, 4 to 6 cm. in length. 
These remained intact upon the bulb in a perfectly normal state, and con¬ 
tinued growth following the experiments. The usual large inherent poten¬ 
tials were observed, which fluctuated when the roots were mechanically 
stimulated ; but absolutely no effect followed illumination. This result con¬ 
firms the observations of Haake (1) and Waller (7), and apparently 
definitely confirms the relation of the phenomena to be described in Elodea 
to the presence of the chloroplasts. 

Effect of light on electric polarity of Elodea leaf 

The isolated leaves of Elodea were always dark-adapted, and allowed 
to remain in the moist chamber for a period varying from 40 minutes to 2 
hours before illumination was begun. This was necessary in order that 
the effect of mechanical stimulation might subside, and that the potential 
might reach a stable level. This basal level of the electric polarity in a 
dark-adapted leaf was low, generally amounting to less than 10 millivolts 
between apex and base. 

Experiments were conducted using both apical and basal leaves. By 
the former term is meant those leaves taken from a region within 2 inches 
of the growing tip, and of a light yellowish green color; by the latter term 
is meant one taken 10 or more inches from the tip, of a dark green color, 
and from a region where the whorls are spaced far apart. 

Either apical or basal leaves, when placed in the moist chamber, showed 
that initially the apex was positive to the base. This E.M.P. was always 
found to be falling rapidly, as soon as observations could be made, and 
soon reached a level close to zero potential, either slightly above or below, 
depending upon the original condition of the leaf. If the hood was not 

av 



Fio. 2. Change of potential in an apical Elodea leaf under constant illumination 
of an apical spot; Ay beginning of illumination. 
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placed over the leaf, it j*ecovered to such a state that the apex again was 
positive to the base after a period of 1-2 hours, by an amount approximately 
equal to the originally observed potential. But when the leaf was placed 
in the dark, it found a new level of equilibrium, close to zero potential. 

When a dark-adapted apical leaf of Elodeu was illuminated by a round 
spot focused on the apex of the leaf, within a period of 5--10 minutes the 
potential between apex and base rose from nearly zero to a level between 
75 and 100 millivolts (fig. 2). Under continuous illumination after the 
maximum response was attained, there was always found to be a slow 


MV. 



PiO. 3. Magnitude of E.M.F.s along an apical Elodea leaf, measured with respect 
to the base: 

dotted line, when unillumined; 

solid line, when illuminated at an apical spot. 
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decrease in the magnitude of the potential. After several hours, it was 
only about half as great as at first. When more than one reading was made 
upon the same leaf, the successive ones were always of decreasing magni¬ 
tude. Waller (6, 6) has reported some evidence of ‘‘fatigue’’ in his ex¬ 
periments upon the effects of light on the potentials of green leaves. This 
seems to be confirmatory, therefore, but should not be regarded as conclusive 
evidence, since the observations were only incidental to the main purpose 
in view, and the conditions were therefore not sufficiently controlled to 
that end. 

It has been stated that the apex is positive to the base before illumina¬ 
tion. But often both apex and base are positive to the middle portion of 
the leaf (fig. 4). Yet the decrease of E.M.F.s along the leaf may be uni¬ 
form, and the base then the point of lowest potential (fig. 3). Illumina¬ 
tion of the apex causes its potential to be greatly increased over that of the 
base; and an increase of potential also occurs along the entire leaf, diminish¬ 
ing with distance from the point of illumination. The decrease of E.M.F.s 
along the leaf is uniform, and appears as practically a straight line in the 
graph (fig. 3). This occurred in all cases, regardless of the original orien¬ 
tation of E.M.F.s along the leaf. When the leaf was illuminated at the 
basal end, the base became markedly positive to the apex, and again the 
transmission of the effect of non-illuminated parts of the leaf was observed. 

MV. 



Fig. 4. Magnitude of E.M.F.s along an apical Elodea leaf, measured with respect 
to the base: 

dotted line, when unillumined; 

solid line, when illuminated at a basal spot. 
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This too occurred regardless of the original orientation of the B.M.P.S 
(figs. 4, 5). The solid lines on both these figures show, however, that there 
is a short region close to the tip of the leaf where the original orientation 
is preserved. It is further to be observed in these two figures that the 
B.M.P. is at a maximum at the point of application of the light, 2 to 4 mm. 
from the base. Again, when a point outside the positions of the contacts 
was illuminated, the region between the contacts being maintained in dark¬ 
ness, transmission of the effect of light to the region between the contacts 
was observed in the same manner. In plotting the magnitudes of the 
B.M.P.S along the leaf, the eontact at the base was connected with the 
grounded quadrants, as before; while a new capillary tip contact was made 
which could be moved up or down at will, and also moved back from the 
leaf surface, thus avoiding stimulation of the leaf by motion of the contact 
along it; actual contact was made only through the drop of tap water at 
the tip (fig. lA). Figures 4 and 5 sliow that although the base of the leaf 
was illuminated and the apex was maintained in darkness, yet apparently 
the potential at the apex has been greatly altered while that at the base 
has been maintained constant. It must be emphasized that this effect is 
only apparent, owing to the conditions of the experimental technique. It is 
due to the fact that, as in the experiment graphed in figure 3, the base of 
the leaf was connected with the grounded quadrants. What actually 
occurs is that, as all other evidence show’^s, the potential of the base is greatly 
increased when it is illuminated, while that of the apex, remaining in dark¬ 
ness, is relatively constant. 

Apical leaves react to illumination in the typical manner shown in 
figure 6. Curve I represents the change of potential under constant illumi¬ 
nation of a spot at the apex of the leaf; curve II represents the same change 
when a spot in the center of the leaf is illuminated; and curve III similarly 
for a spot at the base. The time at which the light was turned on is marked 
by the vertical line at A, and the time at which it was turned off by the 
arrow at B upon each curve. In each case the response is rapid, reaching 
the maximum in 7 to 10 minutes. As soon as the illumination ceases, the 
potentials promptly drop. The response when the apex is illuminated is 
always positive, the potential of the apex as compared with that of the 
base is increased. It is large in magnitude. When the central portion is 
illuminated, the response is always positive but is much less in magnitude; 
when the base is stimulated the response is again large, but is in a negative 
direction, i.e., the potential of the base with respect to that of the apex is 
increased. This response is sometimes even larger than the positive re¬ 
sponse when the apex is illuminated. It w^as also noted that in the second 
of the three cases the response varied considerably, being sometimes large 
and sometimes small. Twice positive responses were obtained, although of 
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slight magnitude, when^he basal end was illuminated. These exceptions 
to the general case were probably due to poor material. 

Basal leaves were also similarly illuminated (fig. 7). The magnitude 
of the responses, other conditions being the same, appear to be smaller than 
the responses in apical leaves. 





FIG. 6A 

Fig. 6. Change of potenial in an apical Elodea leaf under illumination: 

I, at apical spot (see fig. 6A); 

II, at spot in center of leaf; 

III, at basal spot. 

A marks the instant at which illumination began; B the one at which, in each case, 
it ceased. 

Fig. 6A. Diagram of an Elodea leaf in position on contacts. The circles mark 
various positions illuminated. 

Examination of the individual curves (figs. 6, 7) shows certain constant 
features. There is a slight lag of about a minute after the illumination 
begins before any response can be observed. The initial response is some¬ 
times a change in the opposite direction to that in which the succeeding 
main response occurs. The steady decrease after maximum response is 
attained has already been mentioned. When illumination ceases, there is a 



GLASS; BIOELECTRIC POTENTIALS 


271 


MV, 



sliarp drop immediately, then a slowing down of the rate of decrease of 
potential, causing a flattening of the curve which may sometimes even take 
the form of a slight rise; this is then followed by a further rapid fall to 
approximately the original level of the potential between apex and base. 
There is no over-shooting/^ that is, the potential reaches its final level 
slowly, not passing by it and then returning to it. In about 20 per cent, of 
the cases the double character of the descending curve cannot be discerned, 
perhaps because it is too slight. 



Fig. 8. Effect of decreasing intensity of illumination upon the potential of an 
apical Elodea leaf illuminated at apex; 

Af illumination began; intensity 18,000 foot-candles; 

Bf intensity decreased to 9000 foot-candles; 

C, intensity decreased to 1700 foot-candles; 

/>, illumination ended. 
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Preliminary experiments were also conducted upon the effect of varying 
the intenmty of the incident light. This was done by means of a resistance 
inserted into the lighting circuit, capable of cutting down the intensity of 
the illumination of the spot upon the leaf from ]8,0(W to approximately 
1700 foot-candles. It was found that when the intensity of the light was 
first applied at this maximum and then diminished, a corresponding diminu¬ 
tion of potential was to be observed (fig. 8); but when the intensity of the 
light was first applied at 1700 foot-candles, the response observed was the 
maximum, further increase of the intensity failing to raise the potential 
(fig. 9). Evidently the intensity of the light is not the only limiting factor 
concerned here. Further work is being planned to determine this point 
fully. 


Be D 



Fro. 9. Effect of increasing intensity of illumination upon the potential of an 
apical Elodea leaf illuminated at apex: 

Af illumination began; intensity 1700 foot candlesj 

B, intensity increased to 9000 foot-candles ; 

C, intensity increased to 18,000 foot-candles; 

D, illumination ended. 

Discussion 

WalliER (8) reported potentials from many plants. The highest poten¬ 
tial he observed amounted to only 15 millivolts under illumination. Sheard 
( 4 ) reported 0.3 volt in sunflower leaves under illumination; even this high 
potential, in relation to the area of leaf surface, is small in comparison with 
the potentials repoi^d in the present paper for Elodea. The leaf of the 
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latter measures only 10-12 mm. in length and 3-5 mm. in widt^, yet poten¬ 
tials up to 100 millivolts have been observed under illumination between 
its apex and base. It should be evident, both from the size of the potentials 
observed and from their great constancy of behavior, that we are here con¬ 
cerned with something connected with the fundamental energy processes of 
the organism. It can hardly be believed that any expenditure of electrical 
energy by a plant in which the potential of a single leaf may vary by as 
much as 100 millivolts can be either insignificant or of secondary impor¬ 
tance. 

The relation of photosynthesis to these phenomena should prove of 
decided interest. The peculiarities of the curves found should throw fur¬ 
ther light on the question, particularly as to the chemical and physical 
processes involved, which give rise to them. 

Transmission of the effect of illumination to non-illuminated regions is 
obvious. Illumination of a point on the leaf outside the region between 
the contacts has also been found to change the magnitudes of the E.M.P.s 
between the contacts. Figure 3 is particularly clear in showing such trans¬ 
mission. It should be observed that, since the decrement of E.M.P. along 
the leaf is practically a straight line, this means that the effect of illumina¬ 
tion is felt not only at non-illuminated regions, but that the effect extends 
throughout the leaf, regardless of the distance from the point illuminated. 
This makes it very probable that the effect of light upon the potential of the 
leaf is not a direct photoelectric effect, but that it reacts first upon the 
chloroplasts, which in some way set up changes in the state of the leaf, giv¬ 
ing rise in turn to the electric phenomena. 

Summary 

1. Apical and basal leaves of Elodea respond to illumination of the apex 
of the leaf by a large increase of the potential of the apex with respect to 
that of the base. The decrease in the magnitudes of the E.M.P.S along the 
leaf from apex to base in such a case is uniform. 

2. Apical and basal leaves illuminated in the middle show a positive 
response, but to a less extent than when illuminated at the tip. 

3. Apical and basal leaves illuminated at the base show a reversal of the 
electrical polarity found in the two preceding cases. The base becomes 
positive to the apex. 

The writer wishes to express his deep appreciation of the material assis¬ 
tance rendered him in the present survey, both in the matter of apparatus 
and advice, by Dr. E. J. Lund. 

University of Texas 
Austin, Texas 
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RELATION OP HYDROPHILIC COLLOIDS TO HARDINESS IN 
CABBAGE, BRUSSELS SPROUTS, AND ALf'ALPA PLANTS 
AS SHOWN BY THE DYE ADSORPTION TEST 
Stuart Dunn 

(with three figures). 

Introduction 

If we assume that hydrophilic colloids are largely responsible for hardi¬ 
ness in plants, then the amount of dye removed from solution by plant 
tissues suitably prepared will bear a direct relation to the degree of hardi¬ 
ness exhibited. In previous work by the writer (1, 2), in which nnilin 
dyes and more particularly malachite green were used in a study of hardi¬ 
ness in the apple, somewhat conflicting results were obtained, traceable in 
part to the material and in part to the mode of sampling. Further experi¬ 
ments were thought desirable, and the present paper describes the results 
secured with cabbage, brussels sprouts, and alfalfa, which could be grown 
in pots in a controlled environment. 

Materials and methods 

Except in the case of alfalfa, where field-grown plants were used in 
some instances, all the plants used were grown in the greenhouse. For some 
of the hardening experiments, the potted plants were stored at 3® C. for 
various lengths of time in a lighted electric refrigerator, while other sets 
of plants for purposes of control were stored at room temperature in a spe¬ 
cially constructed artificial light chamber and thus were grown under sim¬ 
ilar conditions except temperature. 

Freshly macerated tissue was used in nearly all tests as it most closely 
resembles the colloidal conditions of the plant cell. The grinding was done 
by pressing the material against a rotary, motor-driven wire brush. Brus¬ 
sels sprouts were used in a nearly mature state, and their pith provided a 
perfectly uniform tissue obtained by paring away the outer parts. 

After the tissue was ground, 1-gram samples of it were at once weighed 
into centrifuge tubes on a torsion balance sensitive to 5 mg. To each sample 
was added 25 cc. of the dilute dye solution (in the case of malachite green 
usually at a strength of 0.1 gm. per liter), and the tubes shaken vigorously 
for several minutes, centrifuged, and the supernatant liquid poured off into 
a test-tube for clearing. A considerable amount of the plant material re¬ 
mained in solution or suspension in the dye solution, even after centri¬ 
fuging, which interfered somewhat with obtaining an accurate colorimetric 
reading. It was found that most of this could be coagulated by heating 
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in a boiling hot-water bath for three minutes. Tests on pure dye solution 
showed this treatment to have no effect on the color intensity of tlie dye. 
After cooling, the sample was filtered through an asbestos mat in a Gooch 
crucible. A portion of the solution was first run through and thrown away, 
to avoid the effect of adsorption of the dye by the asbestos. After filtra¬ 
tion, the sample was tested for the amount of dye remaining in solution in 
a Leitz bicolorimeter, following the conventional procedure (1). In most 
cases it was possible to obtain a good match of colors without resorting to a 
second wedge containing a distilled-water extract of the plant tissue. 

For check on the actual hardiness of different groups of plants, some of 
them were frozen at -5° C. in a cold chamber in the cold storage plant of 
the Horticultural Department. In hardening off large plants such as 
mature brussels sprouts, which were too large to be put into the refriger¬ 
ator, they were placed in another chamber of the cold storage plant at a 
temperature of 0° C. Since Harvey (3) has shown that hardening is 
probably a cold shock response, and that exposure of plants to short periods 
of cold daily is very effective, in most cases the plants which were being 
hardened were placed in the cold chambers daily from 5 to 9 p. m. 

Alfalfa plants presented some peculiar difficulties. Freezing tests 
showed that the tops were all killed in most treatments so that observations 
and tests had to be confined to the roots. Not being readily visible, like the 
tops, they must be removed from the soil and washed for accurate examina¬ 
tion, which damages them for observation of injury at subsequent intervals. 
Their tough and woody nature renders freezing injury difficult to detect. 

Experimentation 

Investigations on cabbage.— To gain comprehensive information as to 
the effect of different lengths of time of hardening on the colloid content 
of cabbage plants, a large number of plants were hardened for various 
periods from 1 day up to 12 days. Harvey has shown that 5 days of hard¬ 
ening is sufficient to show marked differences between hardened and un¬ 
hardened plants. Similar lots of plants were also submitted to a freezing 
test as a check on their cold resistance. The dye adsorption results are 
given in table I. The figures represent the percentage of dye left in solu¬ 
tion after adsorption, and thus the lower values indicate the greater hardi¬ 
ness. Individual plants were ground separately, all parts above ground 
being used. 

It will be seen that in general the average adsorption increases up to 
the 4- and 5-day periods, but beyond that there is somewhat of a decrease, 
especially in the group hardened for 12 days, which became rather un¬ 
healthy in appearance. In all cases the average adsorption was greater in 
the hardened plants than in the unhardened. It will be noted, however, 
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TABLE I 

ASSOBPnON or malachite oreen by macerated iresh cabbaoe 


Tkeatment 

Percentage dye remaining in soiiXmoN 

Mean* 

Maximum* 

Minimum* 


per cent. 

per cent. 

per cent. 

Hardened 1 day .. . 

32.4 

46 1 

21 

ITnhardened ... . i 

! 40.4 

' 59 1 

31 

Hardened 2 days 

36.8 

65 1 

20 

Hardened 3 days j 

33.1 

55 

23 

ITnhardened. I 

39.3 

57 1 

; 25 

Hardened 4 days .. 

26.9 

' 49 

19 

Hardened 5 days 

29.8 

45 

20 

Hardened 6 days 

33.7 

53 i 

28 

Unhardened . 

38.3 

51 1 

24 

Hardened 8 days .. 

37.4 

50 ; 

24 

Hardened 12 days 

37.5 

i 

57 

23 

* From duplicate tests on 8 plants. 


that the individual values for the different plants show great variability, 
from extremely low readings of around 20 up to high ones above 60. Bach 
group has certain of these variations, even the unhardened lots. This 
naturally leads to t^ie question of how the similar groups of plants behaved 
in simultaneous freezing tests. In most cases the results agreed in general 
with those of the dye adsorption tests in table I. Here also, however, wide 



Fig. 1. Cabbage plants hardened for 3 days, then frozen for 24 hours at - 6® C. 








PLANT PHYSIOLOGY 


variation was found in the ability to resist freezing on the part of individual 
plants in all of the groups. Those affected most were completely wilted 
after removal for a short time from the freezing chamber, while others 
appeared almost unharmed. Various degrees of resistance on the part of 
Bome of these plants may be seen from the accompanying photographs. 
Figure 1 shows cabbage plants hardened for 3 days and then frozen at 
-5® C. for 24 hours. Considerable variation may be seen, from one almost 
totally killed to one harmed only slightly. Even more variation is shown 
in the group in figure 2, which was hardened for 5 days before freezing. It 
is apparent that the group hardened for 3 days averaged less hardy than 
the group hardened for 5 days. Nevertheless the individuals of both groups 
show extreme variations, and this is probably the reason for some, if not 
most, of the variations found in the dye adsorption tests. 


I"?' ■ 




Pig. 2. Cabbage plants hardened for 5 days, then frozen for 24 hours at - 5® C. 


It was observed also that different parts of the same plant, or different 
tissues, were differently affected, as can be noted from figures 1 and 2. In 
most cases the leaf blade was injured more than the petiole or remainder 
of the plant. This led to tests in which the leaf blades were not included, 
and the results of some of these are given in table II. In all cases there 
is, on the average, a greater adsorption on the part of the hardened plants, 
although there is still some variation by individual plants within the groups. 
It will be noted that in the groups of youngest plants, 6 weeks old, the 
difference in adsorption by hardened and unhardened plants is not so great 
as that of older plants. This is in accord with observations on the results 
of freezing tests. In general the older plants withstood freezing better than 
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TABLE II 

Adsorption of malachite green by hardened and unhardened cabbage stems and 

PETIOLES OF PLANTS VARYING IN AGE 


Age OF 
PLANTS 

Treatment 

Percentage dye remaining in solution 

Mean* 

Maximum* 

Minimum* 



per cent. 

per cent. 

per cent. 


r 

Hardened 4 days 

54.8 

58 

52 

Six weeks 

1 

Unhardened , 

59.3 

62 

54 

old 1 

1 

Hardened 6 days 

55.4 

58 

52 


L 

Unhardened 1 

59.6 

65 

54 



Hardened 3 days 

64,0 

68 

58 



Unhardened 

68.4 

76 

61 

Eight weeks 


Hardened 4 days 

60.9 

66 

53 

old ^ 


Unhardened 

67.2 

70 

65 



Hardened 5 days 

65.2 

75 

57 



Unhardened 

69.6 

77 

64 

1 


Hardened 2 days 

64.1 

66 

61 



Unhardened 

76.0 

79 

73 



Hardened 3 days 

73.7 

80 

65 

Ten w’eeks 


Unhardened 

76.1 

85 

75 

old ^ 


Hardened 4 days 

58.9 

68 

50 



Unhardened 

75.0 

78 

68 



Hardened 5 days 

54.0 

57 

50 



Unhardened 

74.7 

78 

66 


* From duplicate tests on 5 plants. 


the younger ones. In the case of the petioles and steins of the cabbage 
plant, however, it is very difficult to determine by inspection the exact effect 
of freezing, since the larger amount of mechanical or supporting tissue 
renders the effect of the collapse of frozen cells less visible than that of leaf 
tissue. This greater proportion of supporting tissue may also be respon¬ 
sible for the smaller amount of adsorption where these parts of the plant 
were tested alone, than where the leaves were included (table I). This is 
even more strikingly noticeable in table III. 

In view of the marked variations in the survival of individual plants 
within a group whose previous hardening periods or other previous treat¬ 
ment has been the same, and the possibility that this may also account for 
some of the variations encountered in the dye adsorption figures, an effort 
was made to test this by comparing plants unharmed by freezing with 
those injured. It should be noted here also that often there were marked 
differences in different parts of the same plant. The lower leaves fre¬ 
quently were killed and flabby and the upper leaves were not; or a part of 
a single leaf might be affected and another part not. The results given 
in table III are for groups of plants of somewhat different ages, but the 
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TABLE III 

Adsorption of malachite gribibn by habdt and non-hardy cabbage plants biffkbbn- 

TIATED BY FREEZING TEST 


Percentage dye remaining in solution 


Age OF 

PLANTS 


One 

month 

old 


Two 

months 

old 


Three 

months 

old 


Treatment 

and 

condition 

Mean* 

Maximum* 

Minimum* 

Leaves 

Stems 

Leaves 

Stems 

Leaves 

Stems 


per 

per 

per 

per 

per 

per 


cent . 

cent . 

cent . 

0071 f. 

cent . 

ce 7 tt . 

Hardy 3 days 

30.0 

59.0 

39 

61 

24 

55 

Non-hardy 

33.5 

67.7 

35 

69 

31 

66 

Hardy 7 days 

32,5 

63.0 

36 

66 

25 

60 

Non-hardy 

38.0 

74.2 

40 

77 i 

35 

71 

Hardy 4 days 

35.5 

57.4 

38 

65 i 

32 

52 

Non-hardy 

44.4 

65.9 

49 

68 I 

40 j 

62 

Hardy 6 days 

33.3 

57.1 

36 

60 ! 

31 

58 

Non-hardy 

43.6 

64.1 

46 

68 

40 ; 

59 

Hardy 2 days 

38.4 


45 


31 


Non-hardy 

53.5 


60 


51 


Hardy 5 days 

31.3 


35 


27 

1 

Non-hardy 

52.4 


58 


50 

i 



^ Prom duplicate tests on 5 plants. 


outstanding fact is that the values show a uniformly greater adsorption by 
the hardy plant tissue than by the corresponding tissues of the non-hardy 
group. This is particularly true of the leaves. In the case of stem and 
petiole tissue, as has been noted before, it is often extremely difficult by 
examination to detect differences in these parts of the plant. This may 
explain partly some of the wider variations for these tissues given in the 
columns labeled stems. The results on the oldest plants, where only leaves 
were tested, confirm this more amply, and show that when it can be proved 
that a plant or plant part or tissue is hardy, then there will be a greater 
adsorption of dye by macerated samples of that tissue in comparison with 
non-hardy tissue. 

An objection to this method of testing the plant tissue for adsorption 
after freezing the plant might be raised on the ground that the non-hardy 
plants which were so treated might have their colloidal properties altered 
by the effect of the freezing alone. An effort was made to determine this 
point by testing leaves of cabbage, from the same plant, cut in half length¬ 
wise through the midrib. One group of halves was frozen and ground 
separately, while the unfrozen halves were also ground separately and 
tested for adsorption. Similar tests were made on whole cabbage plants 
halved lengthwise. In all cases the differences were slight and negligible. 
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This shows that th« freezing is not a factor in producing the adsorptive 
differences noted in hardy and non-hardy plants. 

Investigations on Brussels sprouts. —^Large brussels sprouts plants 
were also tested, and the pith tissue of these plants was used because it is 
perfectly uniform, containing only one type of cell, with no fibrous elements 
not easUy macerated. As in the cabbage plants, the average adsorption 
was greatest in those exposed to the hardening temperature for about 5 
days. Here also, as in tests on cabbage plants, some attempt was made to 
select only those which definitely withstood freezing at -5° C. for 12 hours 
or more as being hardy for dye adsorption tests. In the case of the pith 
tissue of these plants, however, it was much more difBcult to detect differ¬ 
ences in appearance of those injured. A water-soaked, darkened appear¬ 
ance was about all that could readily be seen. Frequently those plants 
having a hardy-appearing pith would have tender leaves and sometimes the 
reverse was true. Figure 3 gives an idea of the differences encountered 
after plants which had been treated similarly were frozen. These had 



Pio. 3. Brussels sprouts hardened for 5 days, then frozen for 12 hours at - 5° C. 
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both been hardened for-5 days before being frozen for 12 hours at -5° C. 
Aside from these difficulties the results confirmed those upon cabbage, and 
for the sake of brevity the tabular data are omitted. 

Specipic adsorption. —^An attempt was made to narrow the field still 
further, from hydrophilic colloids in general, as indicated by malachite 
green, to some one chemical constituent or group of constituents. This was 
tried by the action of other dyes, some of which are more or less specific in 
their adsorption by certain groups of compounds. One of these was 
ruthenium red, which is a standard stain for pectic substances, and two 
others, Ponceau 3 R and light green S F, which are partially cjrtoplasmic 
stains and non-toxic. Two others were safranin and haematoxylin. The 
former stains lignin, cellulose, suberin, and protoplasm in histological 
preparations unless it is washed out, in which case it primarily stains lignin 
and suberin. Sometimes it is used as a precipitating agent for proteins. 
Haematoxylin stains cellulose walls only. Malachite green was also used 
as a check on the hardiness qualities. 

Since these dyes were diluted for adsorption tests to about one-twentieth 
of the concentration used in histological work, microscopic studies were 
made with them at these dilutions, using cross-sections of young cabbage 
petiole and fresh Elodea leaves. The observations indicated that with 
safranin there was uniform penetration of most cells and accumulation in 
the vascular or heavily lignified cells and in the outer cutinized epidermis. 
Haematoxylin accumulated mainly in walls of parenchyma and moderately 
in the bast fibers and collenchyma of the cabbage. Light green S F and 
Ponceau 3 R penetrated the tissue fairly uniformly but plasmolyzed the 
cells slightly. No part of the protoplast was penetrated and there was no 
particular difference in color in any tissue. Apparently scarcely any of 
the dye was removed from solution. Malachite green penetrated the proto¬ 
plasts of many cells of Elodea fairly uniformly, especially the chloroplasts 
and other plastids, but was not noticeable in the walls. In cabbage sections 
there was a somewhat noticeable accumulation in the cells rich in proto¬ 
plasm near the outer edge, and in the vascular tissue. 

A large number of cabbage and brussels sprouts plants were passed 
through a freezing test, and an outstanding plant showing marked hardi¬ 
ness and similarly one which was non-hardy were chosen from each. Each 
of the dyes was tested for adsorption on several samples from the same 
plant, using the usual colorimetric technique. It was found that with 
safranin there was a greater adsorption by the non-hardy samples. This 
would indicate that perhaps in the hardening process there is a conversion 
of lignin or allied materials and proteins into something else, perhaps some 
protoplasmic or cell sap constituents. With light green S F there was very 
slight adsorption, especially in the brussels sprouts, and with Ponceau 3 R 
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none at all. This agrees well with the observation on microscope sections 
already noted; and since there was the usual greater adsorption of malachite 
green by the hardy tissue, this would indicate that some of the protoplasmic 
constituents are probably primarily responsible for hardiness. Haematoxy- 
lin gave slight differences, indicating that the cellulose wall constituents 
are of slight importance in hardiness. A somewhat greater adsorption of 
ruthenium red by the hardy tissue, especially in brussels sprouts, shows 
that pectic substances may have a part in the colloidal protection against 
low temperature. 

Investigations on alfalfa. —Seed of the same two varieties of alfalfa 
as those used by Steinmetz (4) in his investigations was obtained from the 
same source. They were Kansas Common, a rather tender variety, and 
Grimm, a hardy variety. The seed was planted in outdoor plots in the 
spring. During the following winter and spring, samples of the roots were 
dug up in February, March, and April and tested for adsorption in the 
macerated fresh condition, and also dried and ground to a fine powder. It 
was found that the fresh samples of February and April gave tests correlat¬ 
ing with the hardiness of the two varieties, while the March samples did 
not. The dried samples showed very little correlation. Even when the 
percentage of dry weight was taken into consideration, the differences were 
not sufficient to make that a factor. Presumably the heating in some way 
alters the colloidal substances of the tissue, and tests on fresh tissue may 
be regarded as more indicative of hardiness. 

Other tests were run on hardened and unhardened potted plants. 
Efforts were first turned toward preliminary’^ tests on the killing point of 
roots by freezing, using the water-soaked appearance and exudation of sap 
from a cut end mentioned by Steinmetz as criteria of injury. All plants 
were old, with large roots, having been grown in large pots in the green- 
liouse for a long time. The Grimm and Kansas Common were used, and 
also a variety called Cossack, from Texas, supposedly tender. The time for 
killing roots removed from soil varied between 1 hour and 2.5 hours at 
-4® C. 

This work was attended with the difficulties mentioned under Methods, 
but in several instances differences were noticeable a short time after thaw¬ 
ing, and results on a few of the many adsorption tests run are given in table 
IV. The first two groups, those unhardened and those hardened 11 days, 
show a greater adsorption by the hardy tissue, as anticipated from previous 
work. The other 9-day plants show conflicting results. 

In a few other tests, from time to time, discrepancies of this nature were 
encountered, which led to some doubt as to the advisability of placing very 
great confidence in the water-soaked appearance of the root and other 
similar criteria as evidence of injury. Furthermore, Weimer (6) has 
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TABLE IV 

Adsorption of malachite green by macerated Grimm alfalfa roots; injury deter¬ 
mined BY INSPECTION SHORTLY AFTER FREEZING 


Treatment 

Appearance 

Percentage dye remaining in solution 

Mean* 

Maximum* 

Minimum* 




per cent. 

per cent. 

per cent. 


[ 

Not injured 

19.6 

24 

18 

Unhardened i 

1 






1 

Injured 

26.2 

1 

28 

25 

1 

f 

Not injured 

j 20.6 

21 

20 

Hardened 11 days -j 

1 






1 

Injured 

36.2 

47 

1 29 


r 

Not injured 

31.7 

38 

j 26 

Hardened 9 days 

1 

1 






[ 

Injured 

24.0 

25 

1 23 

i 


* From 5 samples. 


shown that different regions or tissues, or even separate groups of cells, 
in the same alfalfa root may show differences in survival in freezing tests. 
This led to final attempts to determine more accurately the relation between 
dye adsorption and frost survival, by freezing hardened and unhardened 
roots and then placing them in wet sand to allow those surviving to bud 
out. Those showing differences were then selected for dye tests. One 
group of all three varieties was tested in this way after hardening for 8 
days, and after a few days the hardened plants in most instances budded 
out more vigorously and a few of the unhardened ones were entirely killed. 
The differences in the Texas Cossack were very slight, and this is also true 
of the dye test on this variety. Results appear in table V. 


TABLE V 

ADS<HtPTION OF MALACHITE GREEN BY MACERATED ALFALFA ROOTS; INJURY AFTER FREEZING 
DETERMINED BY BUDDING OF BOOTS IN MOIST SAND 


Variety 

Condition 

Percentage dye remaining in solittion 

Mean* 

Maximum* 

Minimum* 



per cent. 

per cent. 

per cent. 

f 

Hardy 

26.7 

30 

23 

Grimm . >{ 





1 

Non-hardy 

48.0 

52 

41 

Kansas C 

Hardy 

16.7 

19 

14 

Common ( 

Non-hardy 

32.5 

40 

24 

Texas ( 

Hardy 

23.5 

30 

19 

Cossack ( 

Non-hardy 

18.5 

23 

16 


From 4 samples. 
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In this case also, it seems evident that hardiness, as demonstrated by 
survival of or resistance to freezing, is correlated with dye adsorption and 
therefore with hydrophilic colloid content^ although even here it is exceed¬ 
ingly difficult to be sure of actual differences in survival. 

As mentioned before, previous work on apple-twig tissue showed wide 
variations and disagreements in hardiness and dye tests. In the light of 
the results presented here, most of the seeming lack of correlation there was 
probably due to a lack of definite and accurate knowledge of the actual 
hardiness, not only of the individual tree but of the individual twigs used 
as samples for the dye adsorption tests. It is true that parallel freezing 
tests, were made at the same time as the dye tests, but they were on other 
twigs, and from the preceding evidence it seems probable that at least some 
of the differences were due to this. 

Another factor which may be of importance in this connection is that 
in ligneous plants of this type there is present in the twigs, and consequently 
in the samples tested, a large amount of tissue extraneous or foreign to the 
tissues actually involved in hardiness. . That is, even though the colloid 
content of the living active cells concerned in the hardiness and vigor of the 
tree ma}" be the main factor in hardiness, the percentage of these cells is so 
small as compared with other kinds of tissue that their effect is masked. 
This factor has already been mentioned in connection with the relation 
between the fibrous elements and visibility of killing effects in cabbage 
petioles and stems and alfalfa roots. 

Summary 

1. Previous investigations using the adsorption of the dye, malachite 
green, as a measure of the content of hydrophilic colloids in relation to 
hardiness in apple-twig tivssue had been somewhat conflicting. Investiga¬ 
tions were made on small succulent potted plants because their environment 
and growth conditions could be more readily controlled. 

2. Dye adsorption tests were performed on cabbage, brussels sprouts, 
and alfalfa plants macerated in the fresh condition, and on dried tissue, to 
determine colloid content and to determine its relation to hardiness as 
shoAvn by freezing tests on plants by artificial refrigeration. 

3. Random tests on a large number of cabbage plants hardened for 
varying lengths of time showed that, on the average, hardiness as shown by 
dye adsorption increased over the unhardened plants up to 5 days’ harden¬ 
ing. There were, however, marked extremes in values in both hardened 
and unhardened individuals. This, in general, agreed with results on 
parallel freezing tests where also extremes were met. 

4. Tests on cabbage and brussels sprouts, in which actual survival ability 
or frost resistance of the individual plants was first tested by freezing, 
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showed that where this eould be accurately determined, usually there was 
a greater amount of dye adsorbed from solution by such tissue, and the 
hydrophilic colloid content thus measured is probably in considerable degree 
responsible for hardiness. 

5. Efforts were made to narrow the field from hydrophilic colloids in 
general to some specific group of colloids. Adsorption tests by different 
dyes which vary somewhat in their adsorptive action sliowed tliat: (1) pectic 
substances may be partially responsible for cold resistance; (2) lignin and 
allied substances and perhaps proteins are apparently converted into other 
compounds in the hardening process; and (3) protoplasmic constituents 
rather than those of the cell wall are probably of primary importance in 
hardiness of the plant cell to cold. 

6. Work on alfalfa roots showed that here, too, dye adsorption was 
greater in the hardier plant, although results of freezing tests are more 
diflScult to interpret because of the tough, woody nature of the tissue. 

7. It is suggested that the conflicting results obtained in some of the 
previous work on apple-twig tissue may have been due partly to the lack 
of accurate knowledge of the cold resistance of the twigs actually tested, 
and partly to the fact that the vital tissue concerned in hardiness is a very 
small part of the total bulk of the twig, so that the colloidal effect of such 
tissue would be masked by other inactive parts. 

The writer wishes to express his sincere appreciation to Dr. R. B. Har¬ 
vey of the University of Minnesota and to Dr. 0. Butler of the University 
of New Hampshire, whose kindly criticisms and advice have aided these 
investigations. 

New Hampshire Agricultural Experiment Station 
Durham, New Hampshire 
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STIMULATIVE EFFECTS OF X-RAYS ON PLANT GROWTH^ 

0B4BX.BB A. SHtriiL AND JOHN W. MITCHELL 

(with foub figures) 

Introduction 

During the period since the discovery of x-ra 3 rs by RSktoen in 1895, a 
vast amount of work has been done in which these radiations have been 
used for clinical diagnosis and therapy. The practical applications of 
x-rays in medicine and surgery make it necessary to know the effect which 
x-rays produce upon the living organism. Many investigators have sug¬ 
gested on the basis of general observations that small doses of x-rays may 
stimulate cellular activity and growth, but convincing proof of such action 
has been wanting. In more recent years such claims have been discounted 
in favor of the belief that x-rays are always more or less destructive in ac¬ 
tion, and tend to retard growtii. 

It is not the purpose of this preliminary report to survey the literature 
dealing with the effects of x-ray treatments upon plants. It has been found 
that every part of the plant body can be profoundly modified by appro¬ 
priate treatments. Cytological and histological examination of treated cells 
and tissues reveals striking changes in the organization of the protoplasm 
and of organs derived from the treated meristems. Most frequently the 
results described are of a destructive nature. The protoplasm is partially 
disorganized; chromosomes are vacuolated or fragmented; the cell divi¬ 
sion mechanism functions imperfectly, showing unequal distribution of 
chromosomes, non-disjunctions, translocation of pieces of chromosomes from 
one to some other non-homologous chromosome, etc. Gene changes may be 
produced, often injurious in character, with resulting lethal effects and 
tendency to sterility. The results obtained by McKay and Goodspeed (6) 
on cotton are typical. Many mutations have been induced in maize and 
barley (7, 8), and tobacco (1), but it has been questioned whether there are 
any progressive evolutionary changes induced by x-ray treatments. 

All vegetative parts are subject to injury by x-rays. Root tips may 
become bulbous and swollen, with tumor-like enlargements in which giant 
cells may occur. Stems become fasciated under strong treatments. Leaves 
are injured readily; they become asymmetric and crumpled in appearance, 
develop deep sinuosities, and often show irregular development of chloro¬ 
phyll. The sunflower shows these injuries in typical fashion, the leaves 
becoming pocked and marked as though they were suffering from a mosaic 

I This investigaUoii was aided in part by a grant to the Uniyereity of Cihicago from 
the Bockefeller Fonndatiou. 
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disease. Even the flowers of plants rayed in seed or seedling stages may 
show fasciatkm or various teratologieal modifications. Some of these have 
been described for the sunflower and tomato by Johnson (2, 3). 

On the otfier hand, one can find a dozen or more claims in the literature 
that x-rays in small doses are stimulative. In some cases increased yields 
have been claimed for crops grown from x-rayed material. Such claims 
have been reinvestigated in some cases, and the stimulative effects denied. 
Johnson (4), for instance, has not been able to substantiate such claims 
made for the potato. However, some increase of yield has been reported 
for x-rayed potatoes at the New Jersey Agricultural Experiment Station. 
Patterson and Muller (6) have found that induced point mutations in 
Drosophila (presumably caused by chemical changes in the genes) may 
cause increased vigor in some cases. They argue in favor of the possibility 
of progressive x-ray mutations with endless eventual potentialities. 

As a result of our experiences with the use of x-rays on plants it is be¬ 
lieved that stimulative effects may be consistently obtained if appropriate 
conditions are employed. Possibly these stimulative phenomena have not 
been regularly detected in the past because the intensity of the radiations 
have been too great, or possibly because the x-ray beam contained too large 
a proportion of long wave-length radiation. Deleterious effects are con¬ 
sistently obtained in our work when unfiltered radiations are used, and 
we believe that these harmful effects mask the stimulation that occurs 
when the beam is properly filtered. Filtration of the radiation, of course, 
affects the wave-length constitution of an x-ray beam profoundly. It 
not only reduces the intensity of each wave length throughout the x-ray 
spectrum, but also changes the relative proportion of the energy supplied 
by each wave length throughout the spectrum. The shorter radiations 
suffer much less absorption than the longer radiations; and for practical 
purposes the longest x-rays are so strongly absorbed by aluminum or cop¬ 
per filters that filtration through such metal plates practically removes 
them from the beam. 

Since filtration affects both the intensity and relative composition of the 
beam, and since we have not yet differentiated these effects in our work, we 
are not in position to discuss the nature of the x-ray action. Until further 
experiments are done we cannot say whether the stimulating effects that 
are obtained when the beam is filtered are due to the fact that harmful long 
wave-length rays are removed, or whether they simply indicate that stimu¬ 
lation follows low intensity irradiation, regardless of wave length, and is 
masked by injury if the intensity is greater, regardless of wave length. 

Believing that the dosages in common use for treatment of plants were 
much too large, we have used very small doses. The intensity of the radia- 
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tions used is expressed in Rontgen units measured with a Wulf ionometer,® 
the measurements being taken in air without the effect of back-scattering of 
the beam by solid material. We are indebted to Dr. Paul C. Hodges^ 
Rontgenologist of the University of Chicago, for the calibration of our in¬ 
strument, and for many helpful suggestions. 

In these preliminary experiments we are using about 100 pk. KV., 
5 ma., 1-mm. aluminum screen. Under these conditions the instrument 
delivers about 38 r-units per minute at a point 30 cm. from the target, 
the distance used in these experiments. Our experimental material is 
exposed on cellucotton pads in glass dishes resting on a lead-covered table. 
It undoubtedly received slightly higher doses than were computed in air 
because of a slight amount of back-scattering of the radiations. But the 
computation of the dose in air is a standard method of measuring the 
dosage. In some instances our best results have been obtained with 1 
minute or less, a total of 30-40 r-units. In most eases maximum stimula¬ 
tion has been obtained with not more than 2 or 3 minutes; and with 4 or 
5 minutes the effect is already one of retardation of growth. 

It is evident at once that investigators who have been using from one 
to ten erythema doses as light doses, are using extremely heavy doses. 
The erythema dose is a rather rough unit of measurement, and may be 
defined as that dose of x-rays that just fails to produce a detectable change 
in the normal human skin. It is at best a vague designation, but is still 
much used. It seems much better to adopt the more accurate r-unit. It 
is generally accepted that the physical equivalent of the erythema dose is 
approximately 600 r. The Holzknecht is also used in expressing x-ray 
doses, and this is approximately 120 r. 

The optimum dosage for different kinds of plants is probably specific, 
and must be determined by experiment for each species and varietal strain. 
A number of common plants seem to respond best to dosages between 30 
and 120 r. 

Methods 

In order to make it possible to repeat our procedure, the details of 
preparation of the seeds for treatment are given. Seeds of such plants as 
corn, wheat, oats, and sunflower have been used. They are placed for 24 
hours in a moist chamber upon a layer of cellucotton saturated with dis¬ 
tilled water, and kept at a temperature of about 22° C. The seeds are used 
without sterilization, and lie in contact with the wet substrate on one side, 
and in contact with moist atmosphere on the other side. They are not 

a Small-chamber instruments of this sort are intended primarily for use with higher 
voltages and are somewhat inaccurate at lower voltages. Eventually the calibration will 
be checked with large-chamber instruments that are relatively insensitive to voltage 
change. 
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submerged during the period of preliminary imbibition and germination. 
At the end of 24 hours the seeds of all four species show incipient germina¬ 
tion. The radicles protrude through the pericarps and enable one to know 
that the seeds are alive. At this stage the material for treatment and for 
controls is selected. Twenty or more seeds as nearly at the same stage of 
germination as possible (estimated by equal length of protruding radicles) 
are chosen and divided into two lots. One lot is left untreated, the other is 
placed upon fresh saturated cellucotton and treated at once for 1~5 min¬ 
utes. Optimum effects are often obtained with 1, 2, or 3 minutes of treat¬ 
ment, according to species. Sunflower seems best at 3 minutes, corn pos¬ 
sibly at 2 minutes, and some varieties of wheat at 2 minutes. In some cases 
wheat gives good results at 30 to 45 seconds or 1 minute. As soon as the 
raying is completed, controls and treated seeds are both planted in the 
same type of soil, or in sand culture, or on fresh saturated cellucotton in a 
moist chamber, depending upon the nature of the experiment. In the case 
of respiration experiments, controls and treated seeds are placed on a wet 
substrate in the respirometer immediately after treatment. During treat¬ 
ment the glass covers of the moist chambers or petri dishes are removed 
so that the only screen is the metallic aluminum screen. In the case of sun¬ 
flower seeds the pericarps of the fruits are removed before treatment. They 
are also removed from the controls before planting. We have tried to 
avoid any differences except that of the treatment itself. Selection of seeds 
is practiced only to obtain material of uniform physiological activity for 
the controls and treatments. 


Results 

Wheat 

The first tests with Marquis spring wheat indicated that it is sensitive to 
small doses of x-rays. The treated plants were decidedly more vigorous 
than the controls when the period of exposure was from 45 seconds to 1 or 
2 minutes. By the time the plants were several weeks old (in soil culture), 
the treated individuals were taller and of ranker growth. The greatest 
difference was in the degree of tillering. The untreated plants showed 
50 per cent, with one tiller each, while the treated plants showed 100 per 
cent, with two tillers each. Figure 1 shows the general appearance of the 
plants on September 17, after several weeks of growth. 

Tests with Minhardi and Trumbull wheat gave us the impression at 
the time that the hardier variety (Minhardi) was less easily influenced by 
x-rays. The Minhardi wheat in the first tests seemed to show little stimula¬ 
tion, while Trumbull, a moderately hardy variety, showed plainly that its 
early development 'was hastened by treatment, but not so much as the Mar¬ 
quis spring wheat. At the present time we are not certain as to the order of 
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these varieties with reference to degree of stimulation.® It is possible that 
varieties more stable toward cold treatments may also be more stable 
toward x-ray action. We believe the dosage is specific for each variety, and 
that a longer treatment may possibly be required by the hardier varieties to 
produce a given amount of stimulation. 

Corn 

The most interesting results were obtained with Madison Yellow Dent 
corn. It was noted that grains which had been treated emerged from the 
soil more rapidly. On September 22, seeds which had been imbibing water 
for 24 hours were treated 1-5 minutes, one series screened by aluminum, 
another treated without metallic screen. A third series, untreated, served 
as controls. Five days later the seeds treated through the screen showed 
84 per cent, of emergence; the unscreened treated seeds showed 72 per cent.; 



Fio. 1. Influence of x-rays on growth of wheat: Pot at left rayed 1 minute; at 
right, 45 seconds. Controls in middle pot. For other conditions see text. 

and of the controls only 60 per cent, had emerged. Treated seeds kept in 
petri dishes always showed a more rapid elongation of coleoptiles than un¬ 
treated seeds. We have removed such coleoptiles from the seeds at the end 
of three days and determined the fresh and dry weight of the coleoptiles. 
Treated seeds showed from 5 to 26 per cent, greater fresh weight than the 
controls, and from 3 to 16 per cent, greater dry weight. This suggests the 
possibility that there is a more rapid utilization of the endosperm reserves 
in seeds that have been treated. 

When the treated corn seeds were grown for a few weeks, some very 
important differences were noted. Figure 2 shows corn grown from seeds 
treated 1-5 minutes under an aluminum screen. While the growth dif¬ 
ferences are visible, and somewhat irregular, the main differences in this 
set are not visible to the eye in the photograph. The plants treated for 
8 Work on these varieties of wheat is being continued by Miss Bessie Zabelin. 
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short periods (1-3 minutes) had thicker stems than the controls, or those 
treated 5 minutes. The treated plants looked and felt slightly more 
succulent, and were darker green in color. The fresh green weight of the 
tops was obviously greater in the treated plants than in the controls. With¬ 
out detailed discussion we present in table I such differences as were 
measured. The chlorophyll differences need further investigation, as this 
darker green color was not noticed in the oats, wheat, and sunflowers. 

The irregular growth of the 3-minute plants in figure 2 may have been 
caused by a defect in the instrument which was not discovered and corrected 
until after several lots of seeds had been treated. In table I the most im¬ 
portant data are those on dry weight increase (column 11) and those on 
chlorophyll increase (column 16). 



Fig. 2. X-rays and the growth of corn. Control at the left. Time of treatment in 
minutes indicated on the pots. For other conditions see text. 

In table II are presented data on the moisture content of the roots and 
stems. While the differences are small, they affect roots and tops alike. 

TABLE II 

Water content of x-rayed corn plants 


{ 

Treatment 

Boots 

Tops 

Dry weight 

Water 

Dry weight 

Water 

Control 

per cent. 

9.34 

per cent. 

90.66 

per cent. 

8.58 

per cent. 
91.42 

1 min. 

8.09 

91.91 

8.32 

1 

91.57 

2 min. 

8.75 

91.25 

8.03 

91.97 

3 min. 

6.78 

93.22 

8.25 

91.75 

4 min. 

7.92 

92.08 

7.87 

92.13 

5 min. 

9.14 

90.86 

9.06 

90.94 
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With light doses, the dry weight percentage decreases and the water con¬ 
tent increases. Even these small differences are large enough so that the 
practiced eye and touch can detect the greater succulence of the plants 
from seeds treated for 1-3 minutes. 


Oats 

Only one experiment has been performed with oats. The seeds were 
from a laboratory sample without name. The increased growth of treated 
i^eds was irregular, as in the case of corn, but plainly visible in all of 
the treated material. Figure 3 shows the results with plants from seeds 



Fio. 3. X-rays and the growth of oats. Control at the left. Time of treatment 
in minutes indicated on pots. For other conditiong see text. 

rayed through a 1-mm. aluminum screen at 30 cm. for the periods of time 
marked on the pots. A defective contact in the machine is believed to have 
been responsible for the irregular behavior at 2, 3, and 4 minutes, but even 
these showed increased growth in height and thicker culms than the con¬ 
trols. 

Sunflower 

The sunflowers were treated after the x-ray machine had been repaired. 
In figure 4 the controls and treated plants show an excellent curve of height 
growth. In the photograph the 2-minute and 4-minute plants were omitted. 
They were perfectly intermediate between 1 and 3 minutes, and 3 and 5 
minutes respectively. The 10-minute plants were rayed without the screen. 
These unscreened plants show the symptoms of burning described by John¬ 
son (2). The leaves are asymmetrical, distorted, pocked as if they had 
mosaic, and the plants are greatly stunted. The screened plants show none 
of these ill effects; leaves are normal in every way, and growth more rapid. 
The group of plants rayed 3 minutes blossomed first, indicating a slight 
shortening of life history by the treatment. 

Some attention has been given to the carbohydrate metabolism and re¬ 
spiration of treated seeds. Under the methods we are using, a slightly more 
rapid liberation of sugar is detectable from the reserves of corn, and a 
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slightly more rapid respiration of rayed seedlings. The increases are not 
very striking, and we feel that the data are too meager to be published at 
present. It seems hardly possible that the increased rate of emergence 
of seedlings, increased rate of growth, etc., could take place without some 
increase in respiration rate. This may be controlled in part by the concen¬ 
tration of sugar in the protoplasmic environment. The first tests on 
diastatic activity, however, showed distinct depression of the enzyme by 
x-ray treatment. Much more extensive tests must be made on sugar concen¬ 
tration, respiration, and enzyme activity wuth material more favorable than 
corn for this purpose. 

Conclusion 

From the results obtained in these preliminary experiments it is con¬ 
cluded that if the x-rays are properly filtered to decrease the intensity of 
the beam, or to decrease the jiroportion of the longer radiations, and if the 
quantity of energy used is adjusted to the specific requirements of the 



Fig. 4. X-rays and growth of sunflowers. Control at left. Time of treatment in 
minutes indicated on pots. Plants at right unscreened. For other conditions see text. 

plants by control of the duration of radiation, and of the voltage and 
amperage used, plants can be stimulated to show increased growth rates. 

Summary 

1. A fe^ preliminary experiments are described which indicate that 
under appropriate conditions of treatment, x-rays produce stimulative 
effects upon plant growth. Wheat, corn, oats, and sunflower seedlings 
have been used. 

2. The seeds were treated in an early stage of germination after soak¬ 
ing for 24 hours in a closed moist chamber on a substrate of cellucotton 
saturated with water. The seeds are not submerged during soaking, but 
are wet on one side, and in contact with air. 
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3. The conditions which we believe necessary for such stimulative 
action arei the use of metallic screens, high voltage and low amperage, and 
brief exposures. The total dosage for stimulation does not much exceed 
100 r-units. Even with the 1-mm. aluminum screen sunflowers given 150- 
200 r-units were overtreated. Optimum growth occurred with about 115 
r-units (3 minutes). 

4. There is some evidence of increased sugar content and increased 
respiration of treated seedlings. 

Hull Botanical Laboratory 
University op Chicago 
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DECREASING HARDINESS OP WINTER WHEAT IN RELATION 
TO PHOTOSYNTHESIS, DEFOLIATION, AND WINTER 

INJURY^ 

S. T. Dexter2 

(with three figures) 

The hardening of plants with the approach of the winter season has been 
the subject of numerous studies; the decreasing hardiness of plants with the 
approach of spring has received little attention. Dexter (1, 3) and Dex¬ 
ter, Tottingiiam, and Graber (4, 6) have made use of methods of studying 
hardiness which involved the principle of changed permeability and elec¬ 
trical conductivity of tissues injured by freezing. Plants were hardened 
under various controlled conditions and it was found that they hardened 
poorly or not at all in the dark, when low in organic reserves; plants in the 
same condition hardened well if given opportunity for photosynthesis at low 
temperatures. If the conditions during hardening were such that material 
vegetative extension occurred, hardening was in general lessened thereby. 
If, during part of the day and especially at night, the respiration rate of 
the plants was raised by elevating the temperature, hardening was inhibited 
(see also Peltier and Tysdal 6). In general the development of hardi¬ 
ness was favored by environmental conditions which would seem to tend 
toward the accumulation or conservation of the organic food supply. 

This paper deals with the application of these general principles to the 
problem of the return of the plant to the less cold-resistant condition. There 
appears to be little if any description of work done in regard to the rapidity 
of development of this condition, or the factors influencing it. 

Experiment i 

Samples of two varieties of winter wheat were brought into the green¬ 
house at monthly intervals throughout the winter. The varieties, Minhardi 
(very hardy) and Wisconsin Ped. no. 2 (a hardy Turkey selection), were 
seeded in 12-inch pots and placed in soil out-of-doors, on September 23, 
1931. The |oil was of good fertility. The rather loose seed bed appeared to 
favor a rapid and somewhat more vegetative growth than was found in 
plants seeded in adjacent unworked ground. The plants in the pots were 
somewhat less hardy than those in the firm soil, but they appeared to be in 
no way unusual for winter wheat. 

The weather during the winter was generally mild, although the tem¬ 
perature frequently went below freezing. Figure 1 shows the temperature 

1 Contribution from the Hull Botanical Laboratory, University of Chicago. 

2 National Research Council Fellow in the Biological Sciences, 
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record for the period. - Up to December 18, when the first samples were 
taken, there had been no weather cold enough to kill the leaves of the wheat, 
and both varieties were in excellent condition, with a large photosynthetic 
area. During the interval from December 18 to January 18, no weather 
conditions occurred which would kill the wheat leaves, and on the latter 
date the foliage was still as green as on December 18. During January 29 
to 31, however, the temperature dropped sharply, with no snow cover, and 
the plants were almost completely defoliated by the cold. A period of warm 
weather followed and new leaves promptly developed. These leaves, about 
1 inch in length, were on the plants at the time of the February 18 deter¬ 
minations. In the greenhouse these plants (February 18 samples) con¬ 
tinued to grow with rapid foliar elongation, whereas on the previous dates 
little or no vegetative extension could be seen. In early March the tempera¬ 
ture again became sufficiently low to kill the leaves by freezing, although 
there was some snow cover accompanying the low temperature. This cold 



Fig. 1. Daily maximum and minimum temperatures, in ® F., at Chicago, Illinois, 
for the dates indicated. 


period was of considerable duration and the ground became deeply frozen 
for the only time during the winter. The new growth (since February 1) 
was completely killed and the Wisconsin Fed. no. 2 plants were obviously 
severely injured by the cold. In the greenhouse, following March 17, re¬ 
newal of leaves on Minhardi plants was rapid; only a few of the Wisconsin 
Fed. no. 2 plants recovered. 

To study the condition of these plants throughout the winter, the follow¬ 
ing scheme was used. On December 18, January 18, February 18, and 
March 17, one pot of each variety was brought from the field into the green¬ 
house, where they were exposed to the daylight prevailing on the respective 
dates, at a temperature held at about 62® F. The hardiness of the plants 
was determined when they were brought in, again after two days in the 
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greenhouse, and then after seven days in the greenhouse, by the freezing- 
exosmosis test used in previous experiments (2). 

Some difficulty was anticipated in obtaining relatively constant condi¬ 
tions during the period allowed for decreasing hardiness. The weather, 
however, happened to be favorable in that regard. There were no ice crys¬ 
tals in the pots on December 18 when they were brought in, although the 
soil had been very recently frozen. The same was true on January 18. On 
the night of February 17 the temperature dropped, freezing the soil to a 
depth of 1 to 2 inches. During the cold weather early in March, the soil froze 
to a depth of about 12 inches, but a day or two of warm weather preceding 
March 17 had thawed the upper 3 or 4 inches. Little difficulty was experi¬ 
enced in keeping the greenhouse at the approximate temperature of 62® P. 

The samples were prepared as usual; duplicate 2.5-gm. samples of 
crowns were frozen in tubes at ~ 15® C, for 2 hours in an alcohol-slush bath, 
thawed for 30 minutes at 2° C., and 25 cc. of water at 2® C. were then 
added to each tube. Exosmosis continued for 16 hours at 2® C., when the 
conductivity readings were made. (In some cases, 1-gm. samples were used 
with 10 cc. of water, with other procedures the same. This did not appear 
to alter the values.) 

Table I shows the results secured on the different dates. Figures 2 and 3 
show the data in graphic form for the two varieties. 

TABLE I 

SPECinC CONDrCTIVITIES (x 10’, 21° C.) EXPRESSED IN RECIPROCAL OHMS OP EXTRACTS OP 

CROWNS OP WINTER WHEAT PROZEN POR 2 HOURS AT -15® C. INTERVAL OP 16 
HOURS ALLOWED FOR BXOSMOSIS AT 2® C. 


Variety 

Date brought in 

Days in greenhouse at 62® F. 

0 

2 

7 

Minhardi 

Wis. Ped. no. 2 ^ 

i 


December 18 

January 18 

February 18 

March 17 

1 1 
1 

, i 

i 1 

1 

1 

f 342 
[406 

[294 

[392 

[329 

[493 

[439 

[548 

391 

548 

342 
400 1 

511 

562 

516 

605 

490 

539 

443 

515 

592 

658 

767 

Dead, no sample 


On every date and at every stage of decreasing hardiness, Minhardi was 
found to be hardier than Wisconsin Ped. no. 2. On December 18 the varie¬ 
ties were somew^hat hardy, and their hardiness decreased rather slowly in 
the greenhouse, being far from complete at the end of one week at 62® P. 
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Fiqb. 2, 3. Graphs showing specific conductivities (x 10*) in reciprocal ohms of 
extracts from two varieties of winter wheat. Fig. 2 (above), Minhardi; fig. 3 (below), 
Wisconsin Fed. no. 2. 
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On January 18 both varieties were distinctly hardier than in December, and 
decreased in hardiness still more slowly. These plants had had abundant 
opportunity for photosynthesis during the intervening month, had suffered 
no defoliation nor winter injury, and had made no visible vegetative exten¬ 
sion. It seems highly probable that photosynthesis had more than balanced 
respiration, since there was little or no snow, the plants only occasionally 
frozen, and soil water available. 

The sharp frost at the end of January introduced another feature. Win¬ 
ter injury at this time was considerable, although there was no evidence that 
any plants of either variety were killed outright. The warm weather follow¬ 
ing stimulated prompt elongation of the inner leaves, even though the soil 
was scarcely thawed. This growth no doubt used a part of the organic re¬ 
serves of the plants and some decrease in hardiness was found on February 
18, as the conductivity values show. In the greenhouse following this date, 
vegetative growth continued rapidly, together with a pronounced decrease 
in hardiness. In the same way the cold weather during the first part of 
March killed the extensive new growth made since the end of January. Not 
only that, but it killed as well the leaf sheaths and meristematic regions 
of many of the older leaves. As a result of this injury the crowns, which in 
December were rather large in diameter, became smaller following each 
freezing. Finally but one or two leaves were left which were capable of 
elongation. The contrast was clearly seen in the hardier Minhardi, grown 
in the adjacent firm ground. Here the tendency toward radial depletion 
of the crown tissue was very markedly less, and in the spring more leaves 
could grow. The depletion of the storage in these two ways (by growth of 
new leaves and by killing of partially depleted tissues) resulted in weakened 
and non-hardy plants which rapidly decreased in hardiness in the green¬ 
house. Thus, on March 17 the remaining leaves of many of the Wisconsin 
Fed. no. 2 plants had been killed. In some cases a slight growth of per¬ 
haps half an inch was made, but most of these leaves finally failed to survive. 
In no case was growth from small axillary buds observed; that is, killing of 
the somewhat expanded leaf tissue at the crown appeared to kill the plant. 
Following March 17, decrease in hardiness was rapid, and almost com¬ 
plete in one week. Most of the Wisconsin Fed. no. 2 plants died, and the 
Minhardi piSnts showed rapid foliar elongation in the greenhouse. 

It is interesting to note that on February 18 the plants of both varieties, 
as brought in from the field in an almost completely defoliated condition, 
were hardier than they were on December 18. They decreased in hardiness, 
however, much more rapidly in the week following February 18 than fol¬ 
lowing December 18 (or January 18). This appeared to be associated with 
the two factors previously discussed. Growth of the leaves was not evident 
following December 18 or January 18, whereas it was rapid following 



302 


PLANT PHYSIOLOGY 


February 18* The plants brought in on February 18 had been almost 
completely defoliated on January 31, and had made about 1 inch of growth 
since that time; in the greenhouse these new leaves elongated quickly. 
Furthermore, the crowns had then been sufficiently injured so that some 
loss of leaf sheath tissue through killing had occurred. 

Experiment 2 

On January 22, lumps of soil containing plants of Minhardi (hardy) 
and Trumbull (rather tender) wheat were brought into the cold room from 
the field plats and stored at a temperature of 31°-36° P. The lumps of 
soil were sometimes partly frozen during the hours in the dark and some¬ 
times completely thawed during illumination. One set of plants received 
light for 8 hours each day from a 100-watt lamp suspended about 15 inches 
above the plants. Another set was kept in darkness. After about a 
month the two sets were tested for hardiness, to see whether the plants would 
lose in hardiness more rapidly in darkness than in light. Table II shows 
that this is the case with both varieties. The samples stored in darkness at 
a temperature slightly above freezing showed marked elongation of etiolated 
leaves. This growth, combined with the lack of opportunity for photo¬ 
synthesis, seems responsible for the rather definite decrease in hardiness 
observed. Trumbull plants decreased in hardiness more than Minhardi 
ones under this treatment. This might well be expected from the work of 
Newton and Anderson (7), who showed that the respiration rates of tender 
varieties of wheat are higher at low temperatures than are those of hardy 
varieties. 

Part of the plants in both the light and the dark were defoliated on 
February 18 and kept in the cold room as before. In each case new leaves 
developed, although in some cases the lumps of soil were almost solidly 
frozen during the entire experiment. When these plants were tested for 
hardiness about a month later, plants which had been defoliated were more 
tender than undefoliated ones in each case. 

On February 18, Minhardi plants in the field plats were defoliated by 
clipping the leaf blades with scissors. These plants promptly began foliar 
development. On March 17, following a period of cold weather, it was 
evident from the appearance of the plants that they had been severely in¬ 
jured by the cold. Every trace of the new green leaves was gone, and the 
plants were withered back to short stumps at the crown. The adjacent 
plants that had not been defoliated still had an abundance of green leaves. 
Samples were taken for the freezing-exosmosis test, and as the values in 
table II show, the defoliated plants were found to be much more tender 
than the corresponding undefoliated plants. The later development of 
these two sets showed that, while most individuals of both sets survived. 



DEXTER: DECREASING HARDINESS 


303 


the defoliated plants were weak and slow to make new growth. While 
not winter-killed, they were certainly winter-injured. 

TABLE II 

Specific conductivities (x 10*, a® C.) expebssbd in reciprocal oAms op extracts op 
CROWNS OP WINTER WHEAT PROZEaf POR 2 HOURS AT - 15® C. INTERVAL OP 16 
HOURS ALLOWED POR EXOSMOSIS AT 2® C. 


Variety 

Treatment 

Headings taken 


February 18 

1 

Outside, no serious injury by cold. 

Inside, light, cold for one month 

266 

Minhardi -{ 

241 

1 

Inside, dark, cold for one month ... 

292 

f 

Outside, injured by cold on January 30 . 

490 

Trumbull ■{ 

Inside, light, cold for one month . 

430 

1 

Inside, dark, cold for one month 

567 



Readings taken 



March 17 

Minhardi | 

Outside, not defoliated with scissors . 

343 

Outside, defoliated with scissors on February 18 

502 


Discussion 

The decrease in hardiness of winter wheat plants, so that they are more 
readily injured by cold weather, is a matter of considerable agronomic im¬ 
portance. The retention of hardiness seems, from these experiment's, to be 
dependent upon the preservation of an adequate supply and concentration 
of organic foods. This supply is ordinarily depleted by respiration. If 
there is opportunity for the supply to be renewed through photosynthesis, 
as was the case in these experiments from December 18 to January 29, the 
plants may not become progressively more tender. Defoliation of the 
plants, whether artificially or by freezing injury, does not seem to be 
detrimental to their hardiness, as the conductivity values for February 
18 show. Defoliation by either means, however, appears markedly to 
stimulate production or elongation of new leaves, which is provocative of 
rapid decrease in hardiness, presumably because of the labilization and use 
of the organic food reserves. The temperature at which this elongation 
takes place may be a decided factor in the effect produced. Thus the leaves 
of plants kept in darkness at about 0® C. elongated considerably in the 
course of a month, but without especially rapid decrease in hardiness of the 
plants. Plants elongating no more (and in fact in some cases imperceptibly, 
as from December 18 to 25) decreased materially in hardiness when kept at 
higher temperatures (about 17° C.) for one week. In general it would 
appear that the maintenance of the hardened condition in winter wheat 
plants is dependent upon environmental conditions which favor the con- 
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servation of organic food reserves; that is, which depress respiration and 
top growth and favor dormancy with continued periods of photosynthesis. 
The ITniveesity op Minnesota 
St. Paul, Minnesota 
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FURTHER EVIDENCE THAT BORON IS ESSENTIAL FOR THE 
GROWTH OF LETTUCE^ 

J. S. McHaboue and B. Caltee 
(with eight figures) 

In a previous report (2) it was shown that boron is essential for the 
growth of several varieties of lettuce; and that when it was excluded from 
the mineral nutrient solution, a severe deficiency disease resulted which was 
characterized by malformation of the more rapidly growing leaves, spot¬ 
ting and burning of the leaf tips, and death of the growing point of the 
plant. A similar condition of lettuce was described by Stone and Smith 
(3) as ^'top-burn.*' They considered the cause of the disease to be physio¬ 
logical and promoted by unfavorable surroundings. Le Clerg (1) mea¬ 
sured leaf temperatures, but could not establish a relation between tempera¬ 
ture and tip burning. The writers have further investigated the disorder, 
from the standpoint of a nutritional deficiency. 

The influence of various boron compounds in preventing the burning of 
lettuce leaves was studied in both sand and water cultures. Control of the 
exact boron content of cultures was obtained by the addition of definite 
quantities of pure boron compounds to boron-free media. A dilute Pfef- 
fer’s solution, to which small quantities of manganese, copper, and zinc 
were added, supplied the basal mineral nutrients for both sand and water 
cultures. The salts composing the basal solution were proved to be free 
of boron by spectroscopical examination. Sand was purified by digestion 
with hot hydrochloric acid, followed by removal of chlorides with distilled 
water. Distilled water required for the preparation of cultures, growth of 
plants, purification of sand, and rinsing of containers was condensed in 
quartz. Porcelain dye pots and special acid-resistant jars with perforated 
lids were used as containers for the sand and water cultures respectively. 
No evidence of boron contamination from the use of these containers was 
observed. 

Lettuce seeds were germinated in purified sand, and transferred to sand 
or water cultures containing, with the exception of boron, all elements 
known to be essential for plant growth, 'Severe boron deficiency, as indi¬ 
cated by severe injury to the leaf tips, developed in from two to four weeks, 
depending upon the variety, amount of light, and type of culture used. 

1 OontributioxL from the Department of Oiemistry of the Kentucky Agricultural 
Experiment Station. 

The investigation reported in this paper is in connection with a project of the Ken¬ 
tucky Agricultural Experiment Station and is published by permission of the Director, 
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Fig. 1. Effect of boron on growth and development of lettuce plants: Aj plant 
gtown in, sand containing 0.5 p.p.m. boron; B, plant not supplied with boron. 

The first symptoms of boron deficiency were a retardation of growth and 
malformation of the younger leaves. Dark spots then appeared on the 
margin of the growing leaves, usually at the tip. Marginal growth was 




'■'SSf 




Fig. 2. Effect of boron deficiency on leaf development: A, leaf from normal plant; 
B, leaf from plant showing severe boron deficiency. 
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suspended, resulting in a folding back of the leaf tip. Normal and deficient 
plants at this stage are shown in figure 1. The spots increased in size and 
number, involving the entire leaf tip and giving it a scorched appearance. 
Figure 2 shows leaves from normal and deficient plants of the same age. 
The older leaves are not noticeably affected by the absence of boron; but 
all young leaves, from those first affected to the growing point itself, are 
involved, resulting finally in the destruction of the meristem tissue and 
consequently in the death of the plant (fig. 3). 



Fio. 3. Growing point of lettuce plant showing severe boron deficiency. 


The addition of a small quantity of boron to the culture before the death 
of the growing point relieved the condition and resulted in the production 
of normal leaves from the growing point. The addition of boron com¬ 
pounds after the death of the growing point resulted in growth from lateral 
buds in the leaf axils. Figures 4-6 show the results of continued additions 
of boron to the media after the development of severe deficiency, allowing 
the plant to make very satisfactory growth to maturity. Plants that were 
retarded in early growth by the absence of boron did not attain the same 
size or weight at maturity as did normal plants (positive controls). 

Small quantities of boric acid, boro-silicate (powdered Pyrex glass), and 
borates of potassium, sodium, calcium, manganese, copper, and zinc were 
found to be effective in preventing injury to lettuce leaves. 

To ascertain the optimum concentration of boron for the growth of let¬ 
tuce, cultures in triplicate were treated with boric acid varying the boron 
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Fio. 4. Lettuce plants in which boron deficiency had caused death of the growing 
point. Boric acid was added to the one on the left at this time. 



Fig. 5. Same plants as in figure 4, 14 days later. Growth has been resumed from 
axillary buds in the plant receiving boric acid. 



Fig. 6. Same plants as in figure 4, 6 weeks after addition of boric acid to the 
one on the left. 
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content by 0.1 p.p.m. from no boron to 1.5 p.p.m. The range between 1.5 
and 3.0 p.p.m. was covered by increase of 0.3 p.p.m. boron. 

Plants that did not receive boron showed injury shortly after being 
transferred to the experimental cultures. With 0.1 and 0.2 p.p.m. boron 
in the medium, plants made much slower growth than those receiving larger 
quantities, within non-toxic range. The presence of 0.3 p.p.m. boron in the 
nutrient solution enabled plants to make continued growth until shortly 
before reaching maturity; then during periods of rapid growth injury 
would appear on the more rapidly growing leaves. During periods of lower 
activity, imposed by shading or unfavorable weather conditions, growth 
would be resumed, with the production of apparently normal leaves. The 
plants of this group were much smaller than normal plants and did not 
produce flowers. All plants in the group grown in a boron concentration 
of 0.4 p.p.m. were free from leaf injury. Florescence occurred although 



Fig. 7. Dry weight, in grains, of leaves of lettuce plants grown in the presence 
of different quantities of boric acid. 

but few seeds were produced. Quantities of boron between 0.4 and 0.9 
p.p.m. in the culture resulted in the production of vigorous, rapidly grow¬ 
ing plants with no evidence of toxicity or boron deficiency. Seed pods con¬ 
taining normal seeds were especially numerous on plants grown in concen¬ 
trations of 0,6 and 0.7 p.p.m. boron. Nine-tenths of a part of boron per 
million was slightly toxic to lettuce, resulting in perceptible chlorosis of 
the lower leaves in most plants. The chlorosis was more pronounced with 
1.0 p.p.m. boron in the nutrient solution. Boron concentration of 1.2 p.p.m. 
was decidedly toxic, causing chlorosis and death of the older leaves and 
large, white, necrotic spots on the edges of mature living leaves. All con¬ 
centrations of boron from 1.2 to 2.5 p.p.m. produced increasing toxicity, 
as shown by necrosis and a significant decrease in the size of the plants. 
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Quantities of boron exceeding 2.5 p.p.m. were fatal to the seedlings. The 
effects of different quantities of boron on the growth of lettuce as deter¬ 
mined by dry weight of the leaves are shown in figure 7. On the basis of 
dry weight, the optimum concentration of boron in water cultures for the 
growth of lettuce is 0.7 p.p.m. added in the form of boric acid. 

The utilization of various boron compounds by lettuce was investigated 
in sand cultures to determine the relative amounts that must be present for 
normal growth. The powdered borates were mixed with purified sand in 
porcelain dishes before placing in the containers. Other mineral nutrients 
were added in solution as required through the period of growth. Treat¬ 
ments and results are given in table I. 

Additions of boric acid, or the relatively soluble borates of potassium, 
sodium, and calcium to sand in suflSciently small quantities to avoid toxic 
effects were insufficient for the later growth requirements of the plants, un¬ 
less a large volume of medium was used. Normal plants could not be grown 
in sand cultures of 750 or 1500 gm. without further additions of soluble 
boron compounds during growth. Cultures of 5 kg. containing sufficient 
soluble boron compounds to produce normal plants were not toxic to plants 
started during the early summer, but were decidedly toxic to seedlings 
started during periods of more limited light intensity and shorter daily 
exposure. The quantity of soluble borate in cultures of 10 kg. was de¬ 
creased to a content that was non-toxic to seedlings at any period of the 
year without the appearance of deficiency symptoms in later growth. 

The inclusion of 0.0025 gm. of boron as manganese borate in sand cul¬ 
tures was sufficient for the growth to maturity of the lettuce plant. Rela¬ 
tively large quantities of manganese borate were not toxic to plants in cul¬ 
tures having reaction exceeding pH 6.6. Increase in the acidity of cul¬ 
tures resulted in high concentrations of manganese borate becoming toxic. 
Toxicity resulting from an excess of manganese borate was due to the boron 
ion. The addition to sand cultures of sufficient copper borate to supply the 
plants’ boron requirements throughout the period of growth resulted in 
toxic concentrations of the copper ion. 

Boro-silicate in the form of powdered Pyrex glass was found to be the 
most satisfactory source of boron for sand cultures. Quantities sufficient 
for the successive growth to maturity of several plants were included in the 
medium without toxicity or the development of deficiency symptoms. 
Slight changes in the reaction of the culture did not affect the solubility of 
the boro-silicate. 

The ratio between the quantity of boron available and the quantity 
absorbed and its relation to the physical condition of the plants was ascer¬ 
tained by determining the boron content of plants grown in water cultures 
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TABLE I 


ErmCTS OF DIFFERENT QUANTITIES OF BORON COMPOUNDS ON GROWTH OF LETTUCE 


Compound 

Boron per kg. 

Effect of boron compound 

SAND 

ON PLANT 



gm, 

0.0005 

Deficiency severe 

Boric acid 


0.0010 

Deficiency severe 


0.0015 

Slightly toxic, final deficiency 


: 0.0020 

Toxic 


1 0.0005 

Deficiency severe 

Potassium borate 

I 0.0010 

0.0015 

Deficiency severe 

Deficiency; some toxicity 



0.0020 

Toxic 


1 

1 0.0005 

Deficiency severe 

Sodium borate 

1 0.0010 

! 0.0015 

Deficiency severe 

Deficiency 


0.0020 

Toxic 



0.0010 

Deficiency severe 



0.0015 

Deficiency 

Calcium borate 


0.0020 

Slightly toxic at first; good 




growth 



0.0025 

Toxic 



0.0025 

Good growth 

Manganese borate 


0.0075 

0.0100 

Very good growth; plant normal 
Slightly toxic 



0.0150 

Boron and manganese toxic 



0.0010 

Deficiency severe 

Copper borate ^ 


0.0025 

0.0050 

Cu. slightly toxic 

Cu. toxic; severe 



0.0075 

Seedlings killed 


' 

0.0010 

Deficiency severe 

Zinc borate 'j 


0.0050 

No deficiency or toxicity 


0.0100 

Zn. toxic, slight 

1 


0.0150 

Zn. toxic, severe 



10.0 

Plant normal 

Boro-silicate (powdered Py- 


25.0 

Plant normal 

rex glass, 40 mesh) ^ 


50.00 

Very slightly toxic 


100.00 

Definitely toxic 


at constant concentrations of boron. The boron content of normal lettuce 
varied between 25 and 50 p.p.m. boron of the moisture-free tissues. All 
plants containing less than 20 p.p.m. boron showed some degree of defi- 
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cieney. Boron toxicity occurred in all plants containing more than 60 
p.p,m. boron. 

Figure 8 shows the effects of different concentrations of boric acid in 



Fig, 8. Abaorption of boron from nutrient solutiona of different concentrations of 
boric acid. 

the nutrient solution on the absorption of boron by lettuce. The concen¬ 
tration in the leaves depended upon the concentration of soluble boron in 
the solution. Slight increases in the boron content of a solution exceeding 
toxic concentrations resulted in large increases in the boron content of the 
leaves. Additions of boric acid greater than the quantity sufficient to kill 
the seedlings rapidly caused a slightly greater increase in the boron content 
of the leaves than did the minimum lethal concentration, indicating a rela¬ 
tion between the concentration of boron in the medium and the rate of 
absorption by the plant. 

Summary 

1. A deficiency disease of lettuce resulting from an insufficiency of 
boron is described and illustrated. 

2. The effectiveness of several boron compounds in preventing or cor¬ 
recting the deficiency disease is given. 

3. The concentrations of soluble boron compounds that result in boron 
deficiency, normal growth, and toxicity were ascertained. 
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4. The physical condition of the plant was modified by the concentra¬ 
tion of soluble boron in the nutritive solution. 

5. The effect of the less soluble boron compounds was modified by the 
reaction of the culture, the volume, and, through the plant itself, by cli¬ 
matic and seasonal conditions affecting the rate of growth. 

6. Boro-silicate was found to be the most satisfactory compound for 
incorporation in sand cultures. 

7. Increase in the boron content of the nutrient solutions up to concen¬ 
trations that rapidly resulted in the death of the seedlings produced in¬ 
creasingly greater concentrations of boron in the leaf tissue. 

University or Kentucky 
Lexington, Kentucky 
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RAPID COLORIMETRIC DETERMINATION OF POTASSIUM 
IN PLANT TISSUES^ 

V. H. Moreis and R. W. Gerdel 

Introduction 

One of the most important factors limiting studies of the mineral nutri¬ 
tion of plants is the time and labor consumed in the analytical processes. 
Nowhere in the field of plant physiology is the need for rapid, convenient, 
and accurate methods more keenly felt. With such material as corn, the 
great variability in the composition of individual plants of even nominally 
pure lines is such as to necessitate considerable replication of samples in 
order to obtain analyses which are representative of the population. 

Of tlie plant constituents usually considered in mineral studies, potas¬ 
sium is probably the most difficult and tedious to determine by the conven¬ 
tional methods. Both the chloroplatinate and perchlorate methods are 
time-consuming and involved. In recent years, however, a method based 
on the precipitation of the potassium by sodium cobaltinitrite has met with 
increasing favor, particularly in blood and urine analyses. A study of the 
adaptability of this method to samples of plant tissues, of which corn may 
be considered representative, is reported in this paper. 

Method 

The principle of the method is based upon the precipitation of potas¬ 
sium the double salt, potassium .sodium cobaltinitrite, of the general com¬ 
position K 2 NaCo(NOj,)g • HoO. The quantity of the precipitate may be 
determined by any of the three common analytical procedures, gravimetric, 
volumetric, or colorimetric. Since colorimetric methods are notably time- 
and labor-saving, while retaining a reasonable degree of accuracy, such a 
procedure seemed most desirable. 

As with most methods for determining potassium, the presence of am¬ 
monia in the sample interferes by forming a relatively insoluble precipitate 
with the reagent. Ammonia must accordingly be removed from samples 
containing enough to introduce .serious error. Seasonal studies have 
shown that the quantity of ammonia present in corn tissue at any time is 
not sufficient to introduce appreciable error. This is probably true also of 
most plants, except perhaps when they are grown under unusual environ¬ 
mental conditions. 

1 Investigations cooperative between the Division of Cereal Crops and Diseases, 
Bureau of Plant Industry, U. S. Department of Agriculture and the Department of 
Agronomy, Ohio Agricultural Experiment Station. 
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For use with corn the method must be adaptable to two kinds of sam¬ 
ples, sap expressed from fresh, succulent tissues, and solutions of the ash 
from dry, mature tissues. As determined by the chloroplatinate method, 
sap expressed from different tissues of the corn plant contained from 1 to 
6 mg. K per ml. Ashed solutions contained comparable quantities in 25 
ml. of the solution as prepared for analysis. 

Three procedures for colorimetrically measuring the quantity of the 
precipitated potassium were investigated: (a) The method suggested by 
Emmery (1), based upon measuring the change in strength of the precipi¬ 
tating reagent. With us the method appeared incapable of giving the de¬ 
sired degree of accuracy, (b) Methods based upon determining the quan¬ 
tity of nitrite present in the precipitate. Several of the methods described 
by Yoe ( 4 ) were tried. The principal objection to these methods is that 
they are very sensitive to small quantities of nitrites, thus making it neces¬ 
sary to use very dilute solutions in which to develop the color. These methods 
are open also to the theoretical objection that the nitrite radical may be con¬ 
sidered relatively unstable, (c) Methods based upon estimating the quan¬ 
tity of cobalt in the precipitate. The method described by Yoe ( 4 ), in¬ 
volving the use of a-nitroso p-naphthol, was open to the same objection as 
that to the nitrite methods,—^the nec^ity of developing the color in too 
dilute solutions. The method suggested by Jacobs and Hoffman (2) was 
then tried and found to be well adapted to the material in hand. This 
method is based upon the development of a brilliant emerald green color 
by the addition of ferrocyanide to a solution containing choline and a co- 
baltous salt. 

Procedure 

The precipitation and determination of potassium were carried out as 
follows: 

The expressed sap, obtained as described in a previous paper (3), was 
cleared by warming to 55° in a water bath, shaking with about 1 gm. of 
carbon black per 100 ml., and filtering. To 1 ml. of the clear filtrate in a 
50-ml. lipped centrifuge tube were added 2 ml. of Emmery (1) sodium 
cobaltinitrite reagent.^ The tube was allowed to stand for 15 to 20 min¬ 
utes, with occasional shaking. About 10 cc. of 70 per cent, alcohol were 
added from a wash bottle and the tube centrifuged for several minutes at 
moderate speed. The supernatant liquid w^as poured off, allowing time for 

2Emmery's sodium cobaltinitrite reagent: Dissolve 5.1666 gm. of pure sodium 
cobaltinitrite in 40 ml. of distilled water; dissolve 27 gm. of potassium-free sodium 
nitrite in another 40 ml. of distilled water; pour the solutions together, add 6 ml. of 
glacial acetic acid, and make up to 100 ml. with distilled water. One ml. will precipi¬ 
tate about 10 mg. of K as KaNaCoCNOj)# • HjO. The solution evolves gas when first 
prepared but this does not impair its value. 
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thorough drainage. This washing process was repeated twice more, using 
about 10 cc. of 70 per cent, alcohol each time. After the final centrifuging, 
the precipitate was washed into a 100-ml. volumetric flask with water and 
dissolved by heating on a steam plate. After cooling to room temperature 
the solution was made up to volume and shaken. Twenty-five ml. of the 
solution were pipetted into an Brlenmeyer flask, 5 cc. of a 1 per cent, 
choline hydrochloride solution and 5 cc. of a 2 per cent, potassium ferro- 
cyanide solution being added with shaking. A brilliant emerald green 
color develops instantly, the intensity of which is directly proportional to 
the quantity of cobalt present. The color was compared in a Klett colo¬ 
rimeter with a standard prepared by precipitating a solution of KCl con¬ 
taining 2 mg. K per ml. and carrying it through the same procedure as with 
the unknown. This method of standardization is necessary, since it has 
been shown by previous workers that the composition of the precipitate 
with respect to the sodium content is influenced somewhat by the relative 
quantities of potassium and precipitating reagents. 

With the dried tissues, 2.5-gm. samples were ashed with sulphuric acid, 
dissolved in dilute HCl, filtered, and diluted to 250 ml. Twenty-five ml. of 
this solution were evaporated to dryness in a 100-ml. beaker, 1 ml. of water 
added, and, after the salts were again in solution, 2 ml. of the reagent 
added. After transferring the precipitate to a 50-ml. centrifuge tube with 
70 per cent, alcohol, the procedure was the same as with the sap samples. 

Results 

The method has been tried on several materials with results as shown 
in table I. The recovery of potassium from .solutions containing different 
quantities of potassium acid phthalate and potassium chloride was satisfac¬ 
tory, the error in no case exceeding 0.5 mg. The results of a comparison 
of the colorimetric method with the standard chloroplatinate method as 
applied to a series of expressed sap samples are also recorded in the table. 
The samples were obtained during a study of the comparative potassium 
contents of a group of corn hybrids, each sample representing the stem tis¬ 
sue of a different hybrid. The samples were taken in duplicate and the 
values given in the table are the average of single determinations on the 
duplicates by the method stated. The means for the two methods are in 
very good agreement. Although the difference between duplicates was 
rather large in some cases, there is no reason to assume differential varia¬ 
tion between samples determined colorimetrically and those determined 
gravimetrically. Consequently, the difference in the variances for the two 
methods may be interpreted as indicating that the colorimetric method was 
at least as precise in these experiments as the chloroplatinate method. 
Likewise, when the two methods were applied to expressed sap samples from 



318 


PLANT PHYSIOLOGY 


PQ 


H 


o 9 


2 

eh 

3 

O 


:z; 

o 

z 

o 

« 

s 

cc 

OQ 



o:« 


lE 

6 a 


^1 

a e 

iS" 


ii 

6s 


H 

i 


&s 


^ ^ HsM o o r^ w o w w o 

. ‘i5 2 w eo cc oi oi oa ec CO ■^' CO eo 


1^ ^ l> rH O rH « <0 03 W iH 

• aS -2 W W W Ci CO 03 '^* CO CO 


aj 

lO<Ot^COOSOiHC3CO'«*< c5 
O3O3O3 0303COC0COC0C0l|^ 


jt 


03 

^ (M* 


1^ 00 

. 03 


O 

03* 


lO 03 
r-J CO 


tS fc* 

S 

-■ C^t ^ 


M ^ 

^ s 

i H 
O S 


5a 


S3 

ag 

as« 


QQ 

Z 

o 


M| 

Si 




P 

s 

§ 


6 

W 


o| § 

PQOCJ-J “3 H 

M ®« O 0> OS 05 Oi <0 'tJJ o tH tH 00 03 Oi CD r-J ‘^5 03 O 00 »0 TjJ rH OO CO os 
. CO* 03 03* rH* 03* 03* 03* 03* 03 CO* CO CO* CO* oi CO* CO 03* i-H OJ* rfJ CO* Ol* rH* 03* 


I" 


k! ^ 


CO O IfO oq OS CO CO O tH 03 rH so OS O CO iq CO 03 '-tj cq O O 00 
CO CO 03* r-i 03 03* 03* 03 C3 CO 'hJ? 03* 03 CO* 03* CO r-i 03* 03* CO* CQ 03* 03* 


TH03C0Tt(lQC0t-000SOr-103C0'^l0C0t>.Q00SOrH03C0Tj< g 
iHr-trHtHr-l rHiHfHiHTH03 03 03 03 03^ 


O rH iH 03 rH h# C3 
SO* CO iH 03* CO ITS 


03 CC iH tH iH 03 03 
LO 03* rH 03 CO SO 


it 

w ^ 


^ cq iH cq 

CSiSfS CO Sf5 

§ 


M 


. os s>^ 

fesft 03* id 


Vari¬ 
ance 0.128 0.184 



MORRIS AND GERDED: DETERMINATION OP POTASSIUM 


319 


different tissues of the com plant taken on the same date, satisfactory 
agreement between the two methods was obtained. 

A comparison of the two methods as applied to ashed samples indicates 
that the colorimetric method also may be used with this type of sample. 

The colorimetric method is not only much cheaper from the standpoint 
of cost of chemicals and equipment, but is also advantageous from the point 
of time consumed. At least 24 determinations may be completed in 8 
hours, starting either with expressed sap or with ashed solutions, whereas 
the chloroplatinate method would require 16 to 32 hours for the same num¬ 
ber. When working with variable plant material, therefore, the opportu¬ 
nity is afforded for using a greater number of replicates to obtain much 
greater final precision. 

Summary 

The colorimetric procedure of Jacobs and Hoffman for determining 
potassium precipitated as the cobaltinitrite affords a rapid and convenient 
method for samples of plant tissue. The method compares very favorably 
Avith the chloroplatinate method with respect to precision; and the saving 
of time and labor, permitting the handling of a larger number of replicates, 
results in a much greater final precision. 

Ohio AaRicvLTURAL Experiment Station 
Wooster, Ohio 


LITERATURE CITED 

1. Emmert, E. M. a rapid colorimetric method for the determination of 

potassium by the use of cobaltinitrite. Jour. Offic. Agr. Chem. 
14: 573-575. 1931. 

2. Jacobs, H. R. D., and Hoffman, W. S. A new colorimetric method 

for the estimation of potassium. Jour. Biol. Chem. 93: 685-691. 
1931. 

3. Sayre, J. D., and Morris, V. H, Use of expressed sap in determining 

the composition of corn tissue. Plant Physiol. 7: 261-272. 1932. 

4. Yoe, J. H. Photometric chemical analysis. Vol. I. Colorimetry. 

John Wiley and Sons, Inc. New York. 1928. 




A NEW METHOD AND INSTRUMENT FOR THE QUANTITATIVE 
DETERMINATION OP CHLOROPHYLL" 


B. E. OltmAK 
(with three figures) 

In research problems in plant physiology, it occasionally becomes de¬ 
sirable to make a considerable number of quantitative determinations of 
chlorophyll. The method by which this is done should be one that is speedy, 
open to a minimum of error, and not so unwieldy as to be difficult for the 
general botanist to employ. Many methods for determining the amount of 
chlorophyll present in leaves or in solutions have been suggested, but only 
two have been found to be of sufficient accuracy to permit a quantitative 
comparison with the results of other workers. Schertz (2) has described 
the colorimetric and the spectrophotometric methods, and has shown the 
percentage of error prevalent in each. 

The colorimetric method depends on the ability of the eye to match 
depths of color, an operation in which the human eye is notoriously ineffi¬ 
cient. In addition, this method does not adequately determine slight differ¬ 
ences in color, the limit of sensitivity and accuracy being two decimal places. 

The spectrophotometric method depends on measuring the width of the 
absorption bands of chlorophyll in the red end of the spectrum. This 
method is neither speedy nor practical for making a considerable number 
of determinations, since for each determination a separate spectrophoto- 
graph must be taken, which requires considerable time. In addition, an 
expensive spectrograph is necessary, and the aid of an expert physicist is 
advisable for correctly interpreting the photographs. Like the colorimetric 
method, it is possible to ascertain concentrations of chlorophyll only to two 
decimal places. 

The purpose in developing the instrument here described was to elimi¬ 
nate the possibilities of personal error in observation, to detect more minute 
differences than is possible by the preceding methods, and to make the 
quantitative determination of chlorophyll an easier and simpler process. 
This instrument will detect differences of 5 mg. between samples, and has 
a maximum error of 9 per cent, at the lower concentrations and a minimum 
error of 2 per cent, at the higher concentrations, which errors in most cases 
affect only the third decimal place. 

Figures 1 and 2 illustrate the apparatus. A photoelectric cell (Weston 
photronic), which requires no external resistances, no amplification of the 

1 Presented at the general scientific sessions of the Ohio Academy of Science, Dela¬ 
ware meeting. April, 1932. 
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Fig. 1. Exterior view of instrument; 7, binding posts for attachment of 6-volt 
storage battery; 2^ rheostat and switch; 5, sliding panel; 4y mieroammeter; 5, output 
binding posts from microammeter. 



Fig. 2. Interior view of instrument; /, binding posts for 6-volt battery connection; 

4-ohm rheostat; 3y 2-candle-power automobile bulb; 4^ light filter (Corning Lantern 
shade yellow, no. 349); 5, glass absorption bottle fitted in groove in panel; 6, sliding 
panel (note guides on sides); 7, photoelectric cell (Weston photronie, Model 594) 
mounted in UX type radio socket; 8, mieroammeter (Weston, Model 301); output 
binding posts from mieroammeter, so that meter can be used for other purposes without 
dtoounting. 
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current emitted, and which emits a current in direct proportion to the light 
energy absorbed on its face (over rather wide limits) is employed. This 
cell is mounted upright in a UX type radio socket, 15 cm, from a 2-candle- 
power, 6-volt automobile bulb fitted with a small reflector. A rheostat to 
vary the light intensity is connected in series with a well-charged 6-volt 
storage battery and the small automobile lamp. The position of the lamp 
is so adjusted as to place its center directly opposite the center of the face 
of the photoelectric cell. The current emitted by the photoelectric cell 
when exposed to light is measured by a microammeter with a range of 0-200 
microamperes, which is connected to the leads of the UX type socket into 
which the cell is fitted. Between the cell and the lamp a sliding panel of 
thick wood is interposed, with a 1.5-inch hole bored through it on a direct 
line with the center of the lamp and the photoelectric cell, so that the light 
from the lamp is allowed to pass through and strike upon the face of the 
cell. 

On one side of this sliding panel a 2-inch square light filter, transmitting 
5600-7000 A. (Corning Lantern shade yellow, no. 349), is mounted over 
the hole in the panel. By this means the light from the lamp is all con¬ 
verted to those wave lengths which Wurmser (6) and others have shown 
to be most strongly absorbed by chlorophyll. The red light is then passed 
through a small glass absorption cell fitted flush to the panel in a groove on 
its other side. This absorption cell has an inside thickness of 1 cm., so that 
the red light passes through a 1-cm. layer of liquid when the cell is filled. 

To take a reading, the absorption cell is first filled with distilled water 
and the light switched on. The intensity of the light on the face of the 
photoelectric cell is rapidly adjusted by means of the rheostat so that the 
needle of the microammeter swings to exactly 200 microamperes, the maxi¬ 
mum of the meter. Speed is essential in doing this, since even a small 
lamp is sufficient to *‘run down^' the battery enough to cause an appreci¬ 
able change in the light intensity of the bulb. Although this change is not 
visible to the eye, it is apparent upon the dial of the meter. When the light 
intensity has been satisfactorily adjusted, so that the needle of the meter 
will swing back to the maximum each time the light is switched on, the light 
is turned off and the absorption bottle filled with the water solution of 
potassium chlorophyllin to be measured. The light is switched on, and the 
decrease in the light intensity transmitted, due to the absorption of light 
by chlorophyll and measured by the microammeter, is observed. If purely 
comparative results are desired, the readings obtained will give an accurate 
means of comparison,—^the smaller figures representing the greater absorp¬ 
tion and hence the greater concentration of chlorophyll. 

The method of preparation of the chlorophyll solutions previous to their 
quantitative determination is essentially that of Willstatter and Stoll 
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(4), with more recent modifications suggested by Schertz (S) and Morrow 
(1). Since several slight alterations in procedure have been made, the 
method is briefly outlined as follows: 

The leaves are cut as free of petioles as possible, and their fresh green 
weight determined. They are then dried in an electric oven at 37® C., pul¬ 
verized in a mortar, and the powder further dried to expel any remaining 
moisture. The time required for complete drying varies with the thickness 
of the leaves,—^in most cases three or four days will sufiice. The dry weight 
is then taken and the percentage of solid matter determined. One-half gm. 
of the dry leaf powder, which amount requires less solvent and is more 
completely extracted in a shorter time than a larger amount, is placed in 
a Soxhlet siphon extractor, and continuously extracted for 24 hours with 
a 1:1 mixture of ether and acetone. The solvent flask is immersed in water 



Pig. 3. Calibration curve of instrument. 


kept at a temperature not exceeding 50® C. by means of an electric hot¬ 
plate. The solution is then placed in a separatory funnel, the acetone 
washed out with water, the anthocyanins and flavones with 1 per cent, 
sodium carbonate solution, and the ether solution washed twice more with 
water. The ether solution containing chlorophyll (alpha and beta) caro¬ 
tene and xanthophyll is then treated with 10 cc. of methyl alcohol saturated 
with KOH, and placed on ice for 24 hours. The potassium chlorophyll in 
separates out from the ether solution, leaving a clear golden-yellow liquid 
which contains the carotene and xanthophyll. By washing with water, the 
two layers are separated; the potassium chlorophyllin solution is washed 
once with ether and made up to 100 cc., at which point in the procedure it 
is ready for measurement in the instrument. 
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To calibrate the instrument so that the meter readings will be an actual 
indication of the amount of chlorophyll present in a solution, a series of 
solutions of known concentrations are made up from chemically pure chloro¬ 
phyll. The chlorophyll is dried in a vacuum desiccator over sulphuric acid 
for a week, and ten accurate weighings made. When dry the chlorophyll is 
dissolved in ether, converted into its potassium salt by saponification with 
methyl KOH, and 40 different concentrations made up by dilution. The 
actual curve is constructed from the 40 readings obtained with these solu¬ 
tions in the instrument, with the x axis representing the mieroammeter 
readings (relative light transmitted) and the y axis the concentrations of 
chlorophyll in grains per 100 ce. This curve is found to be an hyperbola, 
with the equation xy = k. 

The constant k for the 40 readings is averaged, and from the data 
already obtained in constructing the actual curve, an ideal curve is drawn. 
The calibration curve of the writer’s instrument (fig. 3) differed only 
slightly from the actual curve first obtained. In this instrument, the con¬ 
stant k is found to be 4, so that 

ky = 4 is the equation of the hyperbola, or 
4 

—:- 7 - T -— = concentration of chlorophyll in grams per 100 cc. 

microammeter reading ^ ^ ^ ^ 

It must be emphasized that it will be necessary for each investigator to 
calibrate his own instrument and find his own ideal curve and equation, 
since no two photoelectric cells are exactly alike in their sensitivity to dif¬ 
ferent wave lengths of light, or to different intensities of the same wave 
length. The purity of the chlorophyll samples used in calibration will also 
affect the constant k. In any case, however, the calibration curve will be 
an hyperbola, which approaches the x and y axes asymptotically, but the 
eccentricity depends on the constant k, and will vary according to the cell 
and the purity of the chlorophyll used in calibration. 

Since 0.5 gm. of dry leaf powder has been used for extraction, the 
amount determined in the instrument is multiplied by two, which gives the 
amount of chlorophyll in 1 gm. of leaf powder. To refer this figure back 
to the green leaf material, it is multiplied by the percentage of solids in the 
green leaf, which has been determined when the leaves were dried. By 
dilution of the sample being determined, averaging the results after making 
allowance for the dilution will give a much more accurate figure than a 
single determination on each sample. 

The instrument is not limited in its use to the quantitative determina¬ 
tion of chlorophyll. It may be employed to match colors of dyes and to 
replace colorimetric methods now in use in many quantitative determina¬ 
tions. It can also be used to make certain qualitative color reactions quan- 
titative, by employing light filters whose range corresponds to the strongest 
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absorption bands of the reaction product, and calibrating with solutions of 
known concentrations. 

The writer wishes to acknowledge the helpful criticisms and suggestions 
of Dr. F. G. Tucker and Mr. James Snodgrass of the Department of 
Physics of Oberlin College, and to express his appreciation to Professor 
F. O. Grover for material aid in developing the apparatus. 

Obkbun OoLLsax 
Oberlin, Ohio 
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GASOMETRIC METHOD OP ESTIMATING OXIDASE ACTIVITY 
R. N. Jeffrey and W. V, Cbuess 

In the study of biological oxidations, two criteria are used as indica¬ 
tions of oxidase activity. One of these is the oxidation-reduction potential 
of the system concerned, determined as described by Clark (3) and others. 
The other is the rate of oxidation measured by one of several methods. In 
our particular studies on the oxidase systems of various fruits, measure¬ 
ment of rate is much more useful than measurement of oxidation-reduction 
potential. 

Rate measurements 

Pour important methods of measuring the rate of enzymic oxidation 
have been reported in the literature. These are the (1) colorimetric, (2) 
titrimetrie, (3) electrometric, and (4) manometric methods. 

If fruit oxidase is at all specific, it is very probable that the rate at 
which it oxidizes an added indicator is different from that at which it oxi¬ 
dizes the naturally occurring substrate. It is also possible that different 
catalysts are involved in oxidation of the natural and the added substrates. 
There are other objectionable features also, such as interference of turbid¬ 
ity of the juice, and difficulty in duplicating tints in permanent color 
standards. 

Several of the more important colorimetric methods are those of Dye 
(6), Roiiman and Spitzer (13), and Willstatter and Weber (17). Most 
colorimetric methods require the addition of HgOg. This addition alters 
natural conditions, and Cruess and Fong (4) have shown that its concen¬ 
tration greatly affects the results obtained. 

Guthrie (8) uses in a titrimetrie technique a special substrate formed 
by the action of NaOH on glucose solution. Haehn and Stern (9) have 
reported upon a method in wdiich unchanged added tyrosin is determined 
at intervals. 

In the electrometric method of Stearn and Day (16), hydroquinone of 
the quinone-hydroquinone complex used with the quinhydrone electrode is 
oxidized by the oxidase, changing the ratio of quinone to hydroquinone and 
thus the E.M.P. of the quinhydrone electrode. The resulting drift in po¬ 
tential is taken as a measure of the rate of oxidation. 

One of the earliest applications of the manometric method was made by 
Poi (7). The well known Barcropt manometric apparatus and its modi¬ 
fied form, the Warburg (16) apparatus, are in very general use. Dixon 
and Elliott (5) have recently still further modified the Babcroft appa¬ 
ratus. The Bunzel (1, 2) apparatus also makes use of the manometric 

principle (see also Sennhauser 14). 

Practical objections to the manometric apparatus are its high cost and 
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the rather large high differential pressures developed. The volume of 
liquid used is also small, usually less than 5 cc. 

Volumetric apparatus used 

In the apparatus devised by the writers, a number of the objections to 
the colorimetric, titrimetric, potentiometric, and manometric methods are 
obviated. It is volumetric instead of manometric; hence the internal pres¬ 
sure need not exceed 1 mm. of Hg compared with pressures occasionally 
exceeding 50 mm. of Hg in the manometric method. There is, therefore, 
little tendency for leakage of gas outward or inward. The volume of the 
reaction flask may be much larger than in the manometric method, and it 
is not necessary that its volume be known accurately, since change in vol¬ 
ume at atmospheric pressure is measured. Ground glass connections are 
not necessary, and since relatively large volumes of O 2 are absorbed during 
the course of an experiment, standard gas burettes may be used for mea¬ 
surement of the volume of gas absorbed. Also, since the volume of the flask 
and burette is much larger in proportion to the volume of substrate than 
is the case in the usual manometric apparatus, there is less danger of re¬ 
tardation of reaction rate because of O 2 absorption and reduction of the 
partial pressure of Og. In building the apparatus common and relatively 
inexpensive laboratory equipment may be used. 

The constant temperature bath is 18x18x8 inches, and of galvanized 
sheet metal thermally insulated by asbestos. The water is brought to oper¬ 
ating temperature by means of a 500-watt knife-type Cenco ^ Gagless 
heater, and is maintained at operating temperature by means of a similar 
125-watt heater controlled by a mercury-filled electric regulator and small 
relay. The relay is operated by a 6-volt battery charged by a radio battery 
charger. It is possible to maintain the temperature within a range of 
0.02® C. 

Pour 250-cc. Erlenmeyer flasks are held in position in the bath by 
clamps to two movable f-inch rods suspended above the tank. The rods 
are moved back and forth horizontally at the rate of 90 times a minute by 
means of a i-H. P. motor, geared down to the proper speed by wooden 
pulleys. 

The four Erlenmeyer reaction flasks are fitted with rubber stoppers and 
connected to gas burettes outside the reaction chamber by means of heavy- 
walled, capillary glass tubing. The volume of the connecting capillary of 
each flask is less than 1 cc. A stop-cock connected to a small thistle tube 
fitted through the stopper of each flask is used to introduce added solutions 
and to equalize the pressure at the beginning of the run. 

There is suspended inside each flask from the stopper a short wire hold¬ 
ing a small glass cup in which is placed a small roll of filter paper, cut in 
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tlie form of a rosette at the top, and saturated with N/1 NaOH solution to 
absorb CO 2 liberated during the experiment. With fruit juices, the vol¬ 
ume of CO 2 liberated is relatively large and must be removed in this man¬ 
ner in order to avoid serious error. 

The four gas burettea are attached by clamps to the desk in front of the 
constant temperature bath. The top of each burette is slightly above the 
surface of the bath, in order that the connection to the reaction flask shall 
be as short as possible. The connecting capillary glass tubing is joined to 
the burette and to the flask by flexible rubber connections. The connect¬ 
ing capillary glass tubing is cut above the flask stopper, and the ends held 
together tightly by a flexible rubber connection; it is similarly connected 
to the gas burette. The rubber connections permit movement by the 
shaker mechanism. Each burette is surrounded by a Pyrex glass jacket 
such as that used on Liebig condensers. The jackets are connected in 
parallel to the constant temperature water bath and to a small rotary pump 
from a discarded automobile engine. The pump is operated by the same 
i-H. P. motor that operates the reaction-flask shaker device, the pump and 
motor shafts being directly connected. 

The burettes are filled with distilled water and the lower ends connected 
by rubber tubing to a single leveling bottle. Pinch-cocks on each tube per¬ 
mit leveling of each burette individually by the one bottle. 

Mercury is of such high density that a small difference in height in the 
leveling bottle and burette represents a relatively large volume of gas. 
Clear petroleum oil of low density (nujol) gave a poor meniscus because 
of distillation of moisture from the reaction flask. Distilled water previ¬ 
ously allowed to stand in air several days was found to be very satisfactory. 

In order to prevent growth of algae in the bath and in the water jackets 
of the burettes, a small amount of formaldehyde (about 1:1000) was added 
to the water in the bath. 

Substrate 

While it would have been desirable to use the volumetric apparatus 
without addition of an oxidizable substance, it was found that oxygen ab¬ 
sorption was too small and inconsistent in the absence of such addition. 
Thus, 50 cc. of the freshly expressed apple juice absorbed less than 1 cc. of 
O 2 in 130 minutes. Peaches gave a similar result. 

Bunzel (1, 2), in his tests with the oxidase of potatoes and beet leaves, 
used pyrogallol as the substrate in his manometric apparatus. However, 
we found that the rate of absorption of Og by the pyrogallol was much 
greater at pH 5.7 in the absence of fruit juice than at pH 6.0 in juice. 
Evidently the fruit juice inhibited rather than catalyzed the reaction. At 
pH 10.3, non-enzymic oxidation was extremely rapid. Various tests gave 
additional evidence that pyrogallol, while probably satisfactory for potato 
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juice, is not very satisfactory for fruit juice. However, it proved useful 
with asparagus, spinach, string bean, and pea juices.^ 

Several of the commonly used colorimetric oxidase indicators, among 
them benzidine, hydroquinone, and guaiacol, were found to cause no signifi¬ 
cant additional Og absorption. Tannins and fruit coloring matter from 
several sources also were found of no value as substrates. 

Since catechol tannins occur naturally in many fruits, and because 
Onslow (10, 11, 12} has reported that plant materials that give a positive 
test with guaiacum contain substances with a catechol grouping, this 
phenol was used in a number of trials with apple, apricot, avocado, olive, 
prune, peach, and pear juices. It was found to be a very satisfactory sub¬ 
strate. There was also only slight absorption of Og in v^ater and in the 
boiled juice in the presence of the catechol, and absorption in these media 
ceased or became very slow after 15 minutes. 

The CO 2 evolved by respiration of fresh fruit tissues and freshly ex¬ 
pressed juice under the conditions of our tests was found to be appreciable, 
and it was evident that some means of absorbing this gas (such as that pre¬ 
viously described) is necessary. The initial rate of absorption increased 
with increase in ratio of enzyme to juice but not in a strictly proportional 
manner. 

Although the O 2 absorbed at the close of an experiment varied with the 
quantity of catechol initially present, the variation was not strictly propor¬ 
tional to the concentration of catechol. Thus when the quantity of catechol 
in one flask was 20 times that in another, the Og absorbed was less than twice 
that iq the second. Possibly the reaction product inhibits enzymic action 
at higher concentrations of catechol. Two cc, of 5 per cent, catechol to 
50 cc. of sample was found satisfactory. 

Portions of apple juice were brought to various pH values ranging from 
pH 2.25 to 6.75 by addition of NaOH or of N/1 acid. The pH of the 
untreated juice was 4.0. The rates of gas absorption were determined 
at 25° C, 

Eeducing the pH value from 4.0 to 3.7 very greatly retarded Oo absorp¬ 
tion, and at 2.25-3.0 it practically ceased, being approximately the same as 
in boiled juice. Increasing the pH to 5.4 and 6.75 greatly increased the 
absorption of Og. 

Alkalinity naturally greatly favored O 2 absorption. The rate of absorp¬ 
tion and the total amount of Og absorbed were much greater at pH 9, 10.1, 
and 10.8 than at pH 4.5; but much of this absorption is undoubtedly due to 
non-enzymie oxidation, as absorption is nearly as great in boiled as in 
unheated juices. 

The University op Calipornia 
Bibhxelby, California 

1 In tests made by H. M. Pancoast. 
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LEAF-WRINKLE, A NUTRITIONAL DISORDER OP SOY 

BEAN" 

E. W. Hopkinbz 
(with one mgurb) 

In the course of a study of the effects of light conditions upon nodule 
formation by soy beans, irregularity of development of the leaves formed 
after the plants were 3-4 weeks old was observed. This condition showed 
varying degrees of severity, from cases in which only a few plants were 
affected to others in which practically all plants were injured. 

Injury occurs only in young leaves, appearing first in unopened leaves 
5-10 mm. long. At first the hairs at the leaf tip become brown, followed 
by browning of the leaf tip, and later the edge of the leaf shows injury for 
perhaps a third of its length. The leaf does not die, but continues growth. 
The dead areas at the tip and adjacent sides prevent the blade from ex¬ 
panding and the leaf has a puckered appearance. Leaves which have 
opened and are 2-3 cm. long before the smallest leaves show injury will 
usually die at the edges, and will be nearly as wrinkled as the later leaves. 
Fully expanded leaves do not seem to be affected. In figure lA are shown 
injured young leaves which have begun to expand, and in figure IB, healthy 
young leaves. 

Addition of boron as boric acid did not afford protection from injury 
to leaves subsequently formed after injury was first observed; nor could 
the suggestion that the symptoms of the disease resembled those of soy bean 
mosaic be confirmed. Injured leaves were rubbed on the upper surface of 
healthy leaves of various size without producing transmission of the injury. 
Evidence to be presented indicates that the injury is due to a nutritional 
disorder. 

Injuries of similar nature produced by faulty mineral nutrition have 
been reported for plants other than soy beans (2, 3), so it seemed desirable 
to consider the possible role of the nutrient solutions in this case. The 
nutrient solution previously used was modified in several ways. 

Manchu variety soy beans were planted out-of-doors in a bed of no. 3 
quartz sand and transplanted after 6 days to 2-gal. pots of quartz sand. 
Until 16 days after planting, no nutrient solution was added to the pots, 
but the pots were set in shallow pans and watered daily with tap water. 
On the 16th day the pots were taken into a greenhouse and the nutrient 
treatments begun. A liter of nutrient solution was supplied daily to each 
pot, using the drip culture method (4). 

1 Contribution from the Hull Botanical Laboratory, University of Chicago. 

2 National Research Council Fellow. 
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Fig. 1. A, B, young leaves of soy beans: A, leaf tips injured j B, leaf tips healthy. 
C, D, E, appearance of plants in three of the series: C, Tiedjens and Bobbins ' solution 
+ 30 itng. of NOg N per liter as potassium nitrate (severe injury to leaves) ; I), Tiedjens 
and Bobbins ’ solution + 30 mg. of NOg N per liter as calcium nitrate (very slight injury 
to leaves); E, Bbyan’s solution +-30 mg. of NOgN per liter as calcium nitrate (no in- 
Mry to leaves). 
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Two bMic nutrient solutioiis were used, Bryants (1) solution to which 
calcium nitralte was added to give 30 mg. of NOg N per liter of solution, and 
Tibdjens and Bobbins’ ( 6 ) solution (series E, p. 12, modified by varying 
the nitrate) made up to contain 30 and 100 mg. per liter.of .solution of 
NOgN as potassium niti^ate qr calcium nitrate. The basic formula of 
either solution was that for a nitrogen-free nutrient, and the nitrogen was 
added in varying amounts as indicated. The nutrient solutions had the 
following formulas: 

Bryan’s solution® Tiedjbns and Bobbins’ solution 


K 2 HPO 4 . 0.00148 KH 2 PO 4 . 0.00638 

MgSO^ • 7 H 2 O ... . 0.00102 MgSO* • TH^O . 0.00237 

CaClg . 0.00225 CaCla. 0.00146 


The plants showed definite responses to the various nutrient treatments. 
In two of the treatments no injury to the young leaves was produced, and 
in the other three treatments injury occurred in differing degrees. 

The plants receiving the Bryan’s solution or the Tiedjens and Bob¬ 
bins’ solution plus 100 mg. of NO 3 N as calcium nitrate were entirely free 
of affected leaf tips. Injury was most severe on the plants receiving 
nitrate as potassium nitrate. The group of plants given the Tiedjbns and 
Bobbins’ solution plus 30 mg. of NO 3 N as potassium nitrate showed in¬ 
jured leaf tips 5 days after beginning nutrient treatment, and after 15 days 
few leaves were free from injury. The plants at the age of 41 days are 
shown in figure 1C. The Tiedjens and Robbins’ solution plus 100 mg. of 
NOg N as potassium nitrate likewise produced dead leaf tips in 5 days, but 
after 15 days the number of injured leaves was considerably less than in 
the 30-mg. group. 

Contrasted with the plants receiving potassium nitrate, those receiving 
calcium nitrate were relatively unaffected. On the plants given the Tied¬ 
jens and Robbins’ solution plus 30 mg. of NOg N as calcium nitrate, a few 
injured leaves were evident 15 days after treatment began (fig. ID). 
Figure IE shows the plants which were given Bryan’s solution. Table I 
indicates the composition of the nutrient solutions used (except for S and 
Cl) and the effect of these solutions on the leaf tips. 

It is apparent from table I th^t the leaf-tip injury may not be ascribed 
to a particular cause on the basis of the present data. The diflSculty does 
seem to arise from a complex relation of the various elements. If the 
nutrient solutions used in sets 1 aiid compared,'it will be noted that if 
the N is increased there is less injury produced even though the amount of 
K present is considerably higher. Again, in sets 3 and 4, increase in N, in 
this case accompanied by an increase in Ca, results in no injury. In sets 
4 and 5, where no injury occurred, the Ca/Mg ratio is about 4:1; and in 

8 The figures give the concentrations on the partial volume molar basis. 
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TABLE I 

Composition of ths nutrient solutions and effect on plants 


Treatments 

K 

Mg 

1 P 

Ca 

N 

Result on 

PLANTS 

1. Tiedjens and Robbins' +30 
mg. NO,N as KNO, . 

p.p.m. 

289 

p,p,m» 

57 

p.p.m. 

196 

p.p.w. 

58 

p.p.m. 

30 

Severe 

injury 

2. Tiedjens and Robbins' +100 
mg. NO, N as KNO, 

j 

386 

57 

196 

58 

100 

Less se¬ 
vere than 
in 1 

3. Tiedjens and Robbins' +30 
mg. NO,N as Ca(NO,), .. 

247 

57 

196 

101 

30 

Slight 

injury 

4. Tiedjens and Robbins' +100 
mg. NO,N as Ca(NO,), 

1 

247 

57 

196 

201 

100 

No in¬ 
jury 

5. Bryan's +30 mg. NO,N as 
Ca(NO.), .... 

112 

25 

44 1 

90 

30 

No in¬ 
jury 


set 3, where slight injury was found, the ratio is about 2; 1. The most 
severe injury was produced by the solutions in which the Ca/Mg ratio was 
about 1. However, the addition of nitrogen was effective to a considerable 
extent in preventing injury (set 2). The ratio of K/Ca follows an order 
the reverse of that of Ca to Mg. 

The leaf injury to soy beans discussed here appears to result from the 
relation of K, Ca, Mg, and N in the nutrient solution used. The conclusion 
seems warranted that with the Tiedjens and Robbins^ solution a low nitro¬ 
gen level tends to produce injury to the plants. 

University of Chicago 
Chicago, Illinois 
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THE TROPOGRAPH AND ITS USE' 

(with one figure) 

A few years ago, in studying some of the forces exerted by plants, the 
writer devised certain equipment with which he measured the force which 
the petiole of Podophyllum peltatum develops in its response to the stimu¬ 
lus of gravity, as it is kept from bending. This apparatus was described 
at that time and was given the name tropograph.^ 

In recent studies of tropisms, the tropograph has been completely re¬ 
built, with many changes, although the general principles have been main¬ 
tained. Before presenting the results of these studies it was thought 
desirable to describe in detail the tropograph and to indicate some of its 
uses. 

This equipment is illustrated in figure 1. A chemical balance {A) is 



Fig. 1. The tropograph, an instrument for measuring the forces of tropic reactions. 

used, and the end of the horizontal plant is connected by means of a thread 
or thin wire (a) to one end of the beam. To the other end of the balance 
is soldered a short piece of platinum wire which is curved so as to dip into 
a layer of oil covering the mercury in a mercury cup (c). By suitable 
weights in the pans of the balance, the latter is brought to equilibrium be- 

1 Contribution from the Department of Botany, University of Nebraska, no. 79. 

2 Himhel, W. J. a contribution to the biophysics of Podophyllum petioles. Bull. 
Torrey Bot. Club 64: 419^451. 1927. 
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fore the plant is att&ched. The end of the platinum wire and the mercury 
cup are so adjusted that, as the plant raises the opposite end of the beam 
only a fraction of a millimeter, the wire will come into contact with the 
mercury. An insulated wire connects the mercury with a clock (O) at d. 
The clock is so altered that it makes contact every minute between the wires 
leading into it at d. At the middle of the balance beam is also attached a 
short curved piece of platinum wire, by fastening it beneath the screw 
located at the top. This wire dips into a second mercury cup (&) so at¬ 
tached as not to interfere in the least with the freedom of movement of the 
balance. This wire may swing freely in the mercury as the beam moves. 
The other wire, connected with the mercury cup at h, connects with an 
electromagnet at /. An insulated wire connects this electromagnet with 
the clock through a set of two dry cells at e. When the plant, by pulling 
upward at a, makes contact at c, the clock completes the circuit and the 
electromagnet at / draws the armature (a;) upward toward it. 

To the left of this electromagnet (/) is a mercury switch (g) so mounted 
that it may swing freely on the pivot h. In operation this switch is nearly 
horizontal, but with the drop of mercury to the right. As the electromag¬ 
net operates, drawing the armature upward, the switch is tipped slightly 
the other way, causing the mercury drop to roll to the left, connecting the 
two wires at that end which lead away at j. A rubber band connecting the 
peg (i) and the base of the arm of the switch returns the switch to its origi¬ 
nal position. 

The two wires at j connect with a second electromagnet (D) which is 
operated by a set of several dry cells. The electromagnet (D) operates a 
device (C) which drops steel balls, weighing approximately 1 gram each, 
into a container supported by the pan suspended from the left end of the 
beam of the balance and directly beneath the tip of the plant. The 
weights are located in tube (A;), at the bottom of which is arranged a hori¬ 
zontal movable piece supporting the column of weights and attached to an 
extension of the armature of the electromagnet (2>), This piece of metal 
slides in two lateral flanges at the bottom of the tube. When the mercury 
switch (g) closes the second circuit, the electromagnet (Z>) draws this piece 
at the bottom of the tube to the right and a steel ball falls through the hole 
in it at I which then is directly beneath tube (&). This movable base is 
curved so that the upper portion may move through a slit in the tube at the 
left and cut in between the two lowest balls, as the magnet (Z>) pulls it to 
the right. It thus supports the column of balls as the lowest one falls 
through the hole into tube o and on into the container on the balance pan. 
A rubber band attached at p helps pull the base back into its former posi¬ 
tion, thus permitting the column of weights to drop again on to the lower 
portion of the base so that another ball is in position to be released. 
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At w a light bar in the form of the letter L is attached to the extension 
of the arm of the electromagnet (D) and is pivoted at n. When the weight 
is dropped, the right end of this bar, which carries a wire shaped as an in¬ 
verted U, is lowered so that the points of the wire dip into two mercury 
cups. This closes a third circuit in which a single dry cell and a third elec¬ 
tromagnet are located, the latter operating an inking device at z. This ink¬ 
ing device is continually describing a line on a strip of paper (s) which is 
carried around a revolving drum {y). When the electromagnet {E) oper¬ 
ates, the inking device is drawn momentarily to one side, thus indicating 
when the weight is dropped. The drum is rotated on its axis in a clockwise 
direction by means of a clinostat to which it is belted through a couple of 
pulleys of different size, as indicated in the diagram, thus reducing the 
speed. On the top of the revolving drum {y) is a rubber roller which holds 
the paper against the drum. The rolls of paper used are the ordinary kind 
employed with adding machines. After the paper passes over the drum it 
is wrapped over a smaller cylinder which is rotated by a string wrapped 
about it at one end and which passes over an elevated pulley and is attached 
to a weight. This weight causes the cylinder to turn and keeps the paper 
taut. 

Glycerin colored with a little gentian violet has been used for ink. This 
works very well, being just stiff enough to flow through the inking device 
at the proper speed and giving a clear, distinct mark. The inking device 
is a brass tube curved and tapered so that the opening at the tip is very 
small. 

This equipment is equally suitable to the measurement of the force de¬ 
veloped in response to light of various wave lengths and intensities, while 
the plant or plant part is not permitted to bend. When used in such 
studies, the plant is placed vertically and the thread connecting its tip with 
the balance beam is passed over a pulley as shown at L in the diagram. 
The tip of the vertical plant may also be connected to the end of the balance 
beam by means of a fine wire bent at right angles, and held in place by an¬ 
other wire connected at the apex of the angle in such manner that the pull 
by the plant in a horizontal direction will be equal to the upward pull on 
the balance. This is shown at M in the diagram. 

The pot in which the plant has grown should stand or lie, as the case 
may be, in a tray as shown in the diagram, so that the plant may be sup¬ 
plied with water. This tray may be supported on a ring stand. The stem 
must also have some support for use as a fulcrum against which it may pull. 
The writer has used split glass tubing somewhat larger than the stem, and 
tied with linen thread around the hypocotyl or suitable internode of the 
stem. This may then be held in place by a burette clamp supported by a 
ring stand. 
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If less sturdy plants are being used, or if the force which the particular 
plant develops is not very great, a weight-dropping device adapted to small 
weights may be employed without altering any of the other parts of the 
tropograph. 

By means of this apparatus the force which develops within the stem 
as it curves in response to the stimulus is automatically recorded. This 
force is equal at any minute to the sum of the weights in the container on 
the balance. The rate at which this force develops is thus recorded, as well 
as the maximum force which the stem is capable of exerting. The previous 
environment of the plant; that is, whether it has been in bright light or in 
the dark, will have a marked effect upon its response. This may be deter¬ 
mined by the use of the tropograph. There seems to be a relationship be¬ 
tween the food available within the plant and the force developed. The 
effect of the age of the plant, various gases, and chemicals upon the tropic 
force is also being investigated, as well as the relationship of the osmotic 
pressure of expressed sap to the tropic force as measured by the tropograph. 

The principles employed here are not new, and have been used in the 
study of transpiration; but so far as the writer is aware they have not been 
employed in the study of tropic forces. It is hoped that these studies may 
contribute some information which will help in the more thorough under¬ 
standing of the tropisms.— W. J. Himmel, University of Nebraska, Lincoln, 
Nebraska. 


RELATIVE INFLUENCE OF NITRATE AND AMMONIACAL 
NITROGEN UPON INTAKE OF CALCIUM BY 
TOBACCO PLANTS 

Recent investigations in the Soils Department greenhouse at the Con¬ 
necticut Agricultural Experiment Station at New Haven showed that when 
tobacco was grown in sand and water cultures with varying combinations 
of nitrate^ and ammoniacaP nitrogen, and with equal amounts of the most 
essential elements, the calcium intake by the plant was increased in direct 
proportion to increments of nitrate nitrogen over ammoniacal nitrogen sup¬ 
plied in the nutrient solutions. 

The sand cultures in which quartz sand was used were carried on in 
2-gallon glazed earthenware jars. Two-quart glazed earthenware jars, 
with thickly paraffined three-ply wood covers with holes in the center, were 
used for the water cultures. 

The nutrient solutions used contained equal amounts of the most essen- 

1 Calcium nitrate. 

3 Ammonium sulphate. 
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tial elements. The variable waa the carrier of nitrogen. Five solutions 
with different proportions of nitrate and ammoniacal nitrogen were em¬ 
ployed with the sand cultures. Two solutions, one containing all nitrate 
nitrogen and the other with all nitrogen in the ammoniacal form, were used 
with the water cultures. 

Havana Seed tobacco plants about 1 inch high were set in the sand and 
water cultures. One and one-half liters of one-third strength nutrient solu¬ 
tion were added to each culture. At the end of ten days the solutions were 
renewed, and the renewal process was repeated at the end of the next seven 
days with one-half strength solution. Full strength solutions were then 
used for two periods of seven days each, after which they were renewed 
every three and one-half days until maturity of the plants. 

Three successive crops of tobacco were grown in duplicate. During the 
early period of the tests the plants made more growth with increased pro¬ 
portion of ammoniacal nitrogen in the cultures, but later the nitrate end 
became larger and surpassed the ammonia end at maturity. The ammo¬ 
niacal solutions produced blue-green while the nitrate solutions produced 
yellow-green colored foliage. During sunny days when the greenhouse 
became abnormally warm, the plants wilted progressively with increase of 
ammoniacal nitrogen while the nitrate cultures remained turgid. The 
plants in the cultures that contained all the nitrogen in the form of ammo¬ 
nia were stunted in growth and had rather thick, leathery leaves. 

When the plants from the sand cultures were harvested, the roots were 
carefully examined. A form of root-rot increased in severity toward the 
ammonia end. It was most evident w^here all the nitrogen supplied was in 
the ammonia form. The same was the case in water cultures. The all¬ 
nitrate supplied culture produced healthy white roots while the culture that 


TABLE I 

Total calcium op tobacco plants grown in sand and -water cultures 


Proportions 

NO,N:NH,N 

Sand cultures in per¬ 
centage OP Ca 

Water cultures in per¬ 
centage OP Ca 



% 

% 

All 

0 

j 3.483 

j 1.794 

! 

i 

! 2.368 

1 

1 

1 

i 

' 1.449 


i 

i 

0.983 ' 


0 

AU 

0.652 j 

1 

0.618 
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received only ammoniacal nitrogen produced badly discolored and rotted 
roots. 

Total calcium analyses were made of the plant material from all the cul¬ 
tures for the three crops. An average of these analyses is shown in table I. 

The analyses (table I) show definitely that an increased proportion of 
nitrate nitrogen over ammoniaeal nitrogen resulted in a larger percentage 
of total calcium in the plant material. 

The root-rot phase of the investigation is being intensively studied in 
cooperation with the Tobacco Substation at Windsor, Connecticut.—H. G. 
M. Jacobson, Agriadtural Experiment Station, New Haven, Connecticut, 
and T. E. Swanback, Tobacco Substation, Windsor, Connecticut. 



NOTES 

Atlantic City Meeting.—Main features of the annual meeting were the 
incessant rain, the Sachs centennial celebration, and the annual dinner at 
which announcements of the award of the eighth life-membership and the 
third Stephen Hales prize were made. The annual dinner was also made 
the occasion of the reading of the second Stephen Hales address by Dr. 
W. W. Garner. 

The Sachs centennial was held in the Rose Room at the Traymore Hotel 
on December 28, 1932. A large gathering enjoyed the three addresses by 
Dr. D. H. Campbell, of Stanford, Dr. R. H. True, of Pennsylvania, and 
Dr. C. E. Allen, of Wisconsin. 

In view of the small attendance at the banquet, it seems to be a mistake 
to place this function at the end of the meeting. It is suggested that the 
night preceding the Botanical Society dinner should be used by all other 
societies in the botanical field for annual dinners, so that all botanists may 
be free to attend the Botanical Society banquet. It would also be an ad¬ 
vantage if tickets were prepared in advance of the meeting, and were placed 
on sale at the registration desk, and at all sessions of the Society. 

Stephen Hales Prize.—The third award of the Stephen Hales prize 
was made to Dr. Hubert Bradford Vickery, of the Connecticut Agricul¬ 
tural Experiment Station, for his work on vegetable proteins. Dr. Vick¬ 
ery was born at Yarmouth, Nova Scotia, February 28, 1893. He gradu¬ 
ated with the B.S. and M.S. degrees from Dalhousie University, Halifax, 
in 1915 and 1918. He holds the Ph.D. degree from Yale in 1922. His early 
professional work was done in the high schools and normal college of Nova 
Scotia. During the last eleven years he has been research chemist at the 
Connecticut Station, and lecturer at Yale University since 1924. He has 
contributed a number of valuable papers on protein chemistry, and the 
constitution of the proteins of green plants. 

Summer Meeting.—The meeting of the American Society of Plant 
Physiologists in June will be in connection with the A.A.A.S. World's Pair 
meeting. The meetings will be mainly joint meetings with other groups on 
June 20 and 21, with a special meeting of plant physiologists on Thursday 
morning, June 22. This special meeting will be a symposium on Radiation 
and Plant Life. The headquarters hotel for Section G and its affiliated 
societies is the Stevens Hotel. Early reservations should be made, as space 
will be limited by public demand. All meetings are being arranged to allow 
much freedom for visiting the exhibits at the Pair without missing impor¬ 
tant programs. 
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Support of Publication.—It has been necessary to defer a number of 
papers that were intended to appear in January and April, 1933, to later 
issues because of slow payment or non-^payment of dues and renewal of sub¬ 
scriptions. It is impossible to use papers faster than our income allows, or 
to print a larger volume than our total finances will cover. This is a 
matter of importance to every member, and we hope that efforts will be 
made to maintain a stable income for Plant Physiology. It is tlie only 
hope we have for continuance of the present generous-sized volume. The 
most serious consequence of reduced income is the necessity of holding all 
manuscripts for more than a year before they can be used. Papers intended 
for publication might as well be held for another year’s work, and revised 
downward in size in addition. 

Plant Physiology Laboratory at Purdue University.—The Department 
of Biology at Purdue University has had the good fortune to secure a new 
laboratory for plant physiology during the last year. Construction was 
effected during the summer and fall of 1932. The main laboratory is used 
for the introductory work in plant physiology. It is conveniently located 
adjacent to the physiology greenhouse, which is equipped with tempera¬ 
ture control. A graduate laboratory provides facilities for graduate class 
work and research. A private research laboratory and office, and a cen¬ 
trally located stock room are also on the main floor. 

An extensive basement has been constructed, and will be developed as 
funds become available. Plans for the basement include an oven room, a 
uniform temperature laboratory, a machine and work room, and adjacent 
light and dark rooms designed for plant growth experiments. An invitation 
is extended to plant physiologists to visit the laboratory when in Lafayette. 
— ^R. E. Qirton. 

Chemical Methods Committee.—This committee has under consider¬ 
ation the preparation of a supplementary report on chemical methods of 
analysis for plant materials. Dr. W. E. Tottingham, chairman of the com¬ 
mittee would appreciate suggestions from members of the society as to mat¬ 
ters which should be given attention in such a supplementary statement. 
He would be greatly assisted in this work if those who have had experience 
with new methods, or successes or failure with old methods would communi¬ 
cate with him at an early date. 

Errata.—An unfortunate error was made in the notice accorded to 
Anthokinetics, by G. W. Goldsmith and A. L. Hafenrichter in the Oc¬ 
tober, 1932, number of Plant Physiology. On page 753, line 23, ‘‘heter- 
anthous and ephemeral-heteranthous” should read ^‘hemeranthous and 
ephemeral-hemeranthous. ’ ’ 
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Oq pi^e 752, line 25, in the same number, for 400 read 4000. The editor 
regrets that these errors were not discovered in the proofs. Subscribers may 
find it useful to record the corrections where the errors occur to prevent 
future mistakes. 

Root Nodule Bacteria.—splendid monograph on root nodule bacteria 
and leguminous plants has been written by Dr. £. B. Fbed, Dr. Ira L. 
Baldwin, and Elizabeth McCoy. It is published by the University of 
Wisconsin as Studies in Science no. 5. It draws together the literature on 
this subject in masterly fashion. The approach is historical, and the back¬ 
ground of present knowledge is skilfully arrayed. In the main part of the 
work the methods of isolation and study are presented, from which proceeds 
our knowledge of the morphology, life cycle, cultural and biochemical char¬ 
acteristics, longevity and species relationships of the organisms. The -for¬ 
mation, histology and cytology of the nodules, mutual relationships be¬ 
tween legumes and the bacteria, factors that influence nodulation, and 
natural and artificial inoculation are considered in later chapters. It is 
diflScult to do justice to a work of this kind in a brief notice. There are 46 
plates, a few charts, and almost a thousand citations. One can see that it 
will be of priceless value to other workers in this field, and that it will stand 
as a milestone of progress in the history of legume research. It may be ob¬ 
tained for $3.00 from the University of Wisconsin, Madison, Wisconsin. 

Progress of Botany.—The first volume of an annual series devoted to 
Fortschritte der Botanik has been published by Julius Springer, 23-24 
Linkstrasse, Berlin W9. The editor is Fritz von Wettstein, of Munich. 
The progress in morphology, systematic botany, physiology and ecology 
is delineated for sixteen subdivisions of these fields by sixteen collaborating 
authors. The publication of research has become so voluminous that sum¬ 
maries are essential to proper perspective. The value of such a work de¬ 
pends upon the breadth of view, experience, and judgment of the individual 
collaborators. This volume for the year 1931 is a good beginning. One can 
find in a compass of 15 to 20 pages the main advances made during the 
year in the particular fields of botany included. The sketches are very 
helpful, even if they are condensed. On the whole they represent a satis¬ 
factory picture of the advances made during the year. The pric6 quoted 
for this volume is 18.8 R.M. 

Laboratory Manual of Plant Physiology.—The second volume of Das 
kleine pflanzenphysiologische Praktikum by L. Bbauner, has been published 
by G. Fischer, Jena. (See Plant Physiol. 5: 291-292. 1930, for notice of 
vol. I). The experiments outlined in this volume deal with physico-chemi¬ 
cal phenomena of cells. There are 9 experiments on diffusion phenomena. 
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26 on osmotic action,’ 28 on permeability, and absorption, and 20 on im- 
bibitional swelling. The outlines are clear, the directions adequate, and 
the experiments well chosen to demonstrate principles. There are 61 text 
figures, and a brief appendix with some useful data tables, and directions 
for some simple technical operations in preparing apparatus. The price 
in paper covers is 5.5 R.M., 7 R.M. in cloth binding. Orders may be sent 
direct to the publishers. 

Tribonema. —A brief monograph by Eva Hawlitschka gives an ac¬ 
count of this genus of heterokont algae (Die heterokonten Qattung 
Triboiitema). The author gives the nomenclatural history of the genus, 
the present known geographic distribution, the results of artificial cultur¬ 
ing in solutions and on agar media, methods of reproduction, vegetative 
(resting spores, aplanospores, zoospores) and sexual, cytological observa¬ 
tions, and a discussion of the known species. It is a 36-page brochure with 
18 figures. The price is 3 R.M. It can be ordered from the publisher, G. 
Fischer, Jena. 
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COMPARATIVE RESPONSES OP LONG-DAY AND SHORT-DAY 
PLANTS TO RELATIVE LENGTH OP DAY AND NIQHT» 

W. W. Oaknib 

The primary purpose of the present discussion is to contrast the be¬ 
havior of the so-called long-day and short-day types of plants in terms of 
their response to differences in length of day and to consider the proWem 
of satisfactorily classifying plants into these t'wo groups. In the first 
paper by Garner and Allaro dealing with the effect of length of day 
on plant growth, published about 12 years ago, two broad facts were 
brought out with respect to initiation of sexual reproduction, namely; (1) 
that some plants are more sensitive than others to the length-of-day factor; 
(2) that of the more sensitive group some respond to relatively long days 
while others respond to relatively short days. Thus we have one group em¬ 
bracing what may be designated as the indeterminate type of plant and a 
second group which can be conveniently divided into the long-day type and 
the short-day type. This classification has proved helpful and it seems 
desirable that it be retained, at least until some better system is devised. 
It appears, however, that unless a better understanding can be reached as to 
the basis on which the classification rests, considerable confusion is likely 
to result. 

In dealing with the action of length of day on plant growth, greatest 
interest naturally attaches to its formative effects, and in the writer’s own 
studies the action of the light period in initiating or suppressing sexual 
reproduction has been stressed. It is on these effects tbat our classification 
of plants into long-day and short-day groups is based. In a recent general 
review of photoperiodism in plants, Sohiok^ suggests tiiat for those plants 
in which tuber formation is of importance, this reaction to the light period 
rather than fiower formation be used as a barns for classification, and this 

1 Second Stsphbn wat.«h Address; read before the Ameriean Society of Plant 
ologists at Atlantic Oity, December 30, 1932. 

* Schick, B. Pbotoperiodisnuu. Der ZQchter 4; 122-135. 1932. 
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propojsal seems logical. On the other hand, some recent investigators have 
grouped their experimental material into long-day and short-day types on 
the basis of the growth rate under different day lengths. Obviously this 
represents an entirely different system of classification. Again, some in¬ 
vestigators in this field have shown an inclination to apply the designation 
long-day plants to experimental material which has been merely exposed 
to a long-day treatment without regard to the response obtained, and, like¬ 
wise, plants exposed experimentally to a short day would be designated as 
‘‘short-day plants.’’ 

Assuming that initiation of processes of reproduction is accepted as 
the basis for classification, it might seem at first thought that long-day 
plants could be defined simply as those which respond to long days (or even 
continuous illumination) and short-day plants as those responding to short 
days. We should then be confronted, however, with the problem of deter¬ 
mining what constitutes a long day or a short day. For example, the 
equatorial or equinoctial day length of 12 hours cannot be regarded as 
furnishing a satisfactory dividing line, for this would throw into the long- 
day group a very large proportion of the plants which on the basis of their 
photoperiodic responses could be regarded as properly belonging only in the 
short-day group. Again, if the line of separation between short days and 
long days be moved up, say to a light period of 13 or 14 hours, the lower 
limits for flowering in many plants regarded as really belonging in the 
long-day group would fall below this period. The fact is that there is a 
range in day length from about 12 to 14 hours which is common ground for 
many plants in both groups, in that they are able to flower within this range 
even though in most cases it would not be optimal for either group. Be¬ 
cause of its extreme simplicity (at least in principle), it may be that this 
plan of arbitrarily designating a particular day length as a basis for sepa¬ 
rating the long-day and short-day types will persist despite its obvious 
weaknesses. If so, perhaps a 14-hour day may well be adopted to supply the 
dividing line. 

Critical length of day for flowering 

It is believed that the problem of satisfactorily separating the two 
groups of plants may be more logically approached from a somewhat differ¬ 
ent angle. While it seems to have been the impression of some that in gen¬ 
eral the more sensitive plants require a particular daylight period for suc¬ 
cessful flowering, ordinarily this is not the case. It is true that there is a 
fairly definite optimum length of day for flowering, but generally speaking 
there is also a rather wide range in day length on either side of the optimum 
in which flowering takes place with more or less facility. Through these 
ranges, differences in time required for attainment of the flowering stage, 
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though appreciable, are not large. To take a concrete case, the Biloxi 
variety of soy beans, a late-flowering or short-day type, has been found 
to have an optimum day length for flowering of about 9 hours; but under 
favorable conditions it is capable of flowering under all lengths of day, 
ranging from 5 to 12 hours, with a maximum delay of only about 7 or 10 
days as compared with results under the optimum length of day. While 
there may be a few exceptions, the great majority of plants of both the 
long-day and the short-day type show these characteristics. In contrast 
with these relations, however, there exist in the case of the more sensitive 
plants what may be called critical day lengths for flowering which have a 
much narrower range for any particular plant. Taking again the Biloxi 
soy bean, the critical daylight period may be considered as lying between 
13 and 14 hours. Under a 13-hour daily light period the plant flowers after 
a delay of some 10 or 12 days as compared with optimum conditions of day 
length. With a daylight period of 14 hours the critical point has been 
passed and the plant tends to become strictly vegetative, flowering being 
delayed for a more or less indefinite time. Likewise garden balsam flowers 
readily with a day length of about 14 hours but is greatly delayed in flower¬ 
ing with a day length of 13^ hours, and with shorter day lengths it becomes 
strictly vegetative. In many species representing both the long-day and the 
short-day types, it has been found that under suitable conditions a variation 
in day length of not more than one hour (or even less) constitutes the crit¬ 
ical range, on the two sides of which definite contrast in response is ob¬ 
tained. On the one side the plant flowers readily while on the other side it 
tends to remain in the vegetative stage. The important point in this con¬ 
nection is that the group of plants which we have been in the habit of 
classing as the long-day type flower only when exposed to day lengths 
in excess of the critical, while the short-day plants are able to flower only 
under shorter day lengths than the critical. In the present stage of our 
knowledge of the subject this would seem to furnish a simple and logical 
basis for differentiating between the two groups of plants. It is to be noted 
that this method of classification is independent of any particular relation¬ 
ship between the actual duration of the critical light periods for the two 
types of plants, and it is not necessary to determine what constitutes a long 
day or a short day. From this point of view the decisive factor is not the 
actual length of the critical light period but the type of the response to 
light periods on the two sides of the critical. Thus it is even possible for 
the critical light period of a long-day type to be shorter than that of a short- 
day plant, although in the more typical cases this will not hold true. In 
general, designation of the two groups as long-day and short-day types is 
still justified under this method of classification. 
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Qassification into long-day and short-day types and the factor of latitude 

In applying the method of classification here proposed, it is necessary 
only to compare the character of the responses to a light period in excess 
of the critical and to one shorter than the critical- This is not necessarily 
the same, however, as merely determining the responses to what would be 
considered relatively long and short day lengths at a given latitude. Of 
course, we do not know the extreme range in length of day needed to em¬ 
brace the critical light periods of all plants, and there is less information 
as to the upper limits than as to the lower ranges required. Nevertheless the 
indications are that few plants have a critical daylight period of much less 
than 12 hours, and it seems safe to assume that a 10-hour day would provide 
an exposure well below the critical for nearly all plants. As to upper 
limits, it has been found that some plants have a critical daylight period as 
long as 17 hours, so that evidently a day length of at least 18 hours must 
be used to provide an exposure distinctly in excess of the critical. If it were 
not for the disturbing factor of change in maximum length of day with 
change of latitude, for purposes of orientation in a given locality it would 
be necessary only to compare the behavior of the test plant under a 10- 
hour day and the full summer-day length. If flowering be materially de¬ 
layed under the short-day treatment, the plant is to be regarded as belong¬ 
ing to the long-day type, while it would be placed in the short-day group 
should the short-day treatment hasten flowering. In the event that the date 
of flowering remain substantially the same under the two treatments, the 
plant would have to be regarded as belonging to what may be termed the 
indeterminate group. But a test of this sort will ordinarily give a reason¬ 
ably dependable conclusion only when marked differences in response under 
the two treatments are obtained. 

In other words, if the test definitely indicates that the plant in question 
belongs either to the long-day or the short-day group, the result may be 
considered fairly conclusive. Unless the experiment is conducted at very 
high latitudes, however, a result indicating that the plant is not sensitive 
to the day-length factor is to be accepted as purely tentative. This is true 
because there can be no assurance that the maximum summer-day length 
exceeds the critical light period. In working in lower latitudes, however, 
this difficulty can easily be overcome by employing artificial light to prolong 
the illumination period to, say, 18 hours. This will certainly take care of 
the great majority of cases although it is possible that in rare instances ad¬ 
ditional intermediate light exposures will be required. 

Indeterminate group of plants 

This group may be regarded as embracing those plants which are 
capable of flowering more or less readily throughout the range in length 
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of day ordinarily encountered through the year and at different latitudes. 
In such plants the day-length effects are primarily of a quantitative rather 
than a qualitative nature. The size attained by the plant and the extent 
or amount of reproductive activities and other growth features may be 
materially influenced, so that such plants may have an optimum day length 
for flowering. The essential point is that this group has no critical light 
period with respect to flowering, and under suitable growing conditions its 
members tend to flower at practically all latitudes and at all seasons of 
the year. The plants of this group are designated as "indeterminate” for 
the reason that the length-of-day factor does not exercise a clearly defined 
determinative (formative) effect, while they also might be designated as 
intermediate in the sense that in some respects the plants resemble both 
the long-day and short-day types and serve as a sort of connecting link 
between the two. 

In attempting to utilize the critical light-period relations as a basis for 
grouping plants with respect to the day-length response, the mistake is 
likely to be made of throwing into the indeterminate group many plants 
which do not properly belong there unless the precautions previously men¬ 
tioned are applied. This is what will usually occur when all light ex¬ 
posures employed for purposes of orientation happen to fall on one side of 
the critical light period. It will be recalled that in general short-day plants 
are able to flower with more or less facility through a wide range in day 
lengths below the critical, while the same is true of long-day plants for day 
lengths above the critical. In each case the response within these ranges is 
such as to indicate that there is no critical light period and the plants 
simulate the behavior of the indeterminate group. These relationi^ips are 
well illustrated by the responses to differences in day length of the early, 
medium, and late varieties of soy beans, the Mandarin, Peking, and Biloxi 
varieties respectively. In plantings made in the greenhouse at frequent 
intervals throughout the year at Washington, the Mandarin has not been 
materially affected as to time required for flowering by the seasonal change 
in length of day, which ranges from 9i to 15 hours. This variety therefore 
shows the characteristics of the indeterminate group when grown at Wadi- 
ington. It has been shown, however, that the Mandarin has a definite 
critical light period of about 17 hours and at greater day lengths flowering 
ceases. Hence, at a latitude of about 52°, as in southern Canada, this 
variety together with the Peking and Biloxi varieties may be expected to 
show the characteristics of a typical short-day plant. In Washington, at 
latitude 39°, the Peking and Biloxi continue to behave as short-day plants. 
In northern Florida, with a maximum summer-day length of about 14 
hours, the Peking presumably would cease to respond as a short-day plant 
and would simulate the behavior of the indeterminate group. Finally, the 
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Biloxi, because of its relatively short critical light period, apparently would 
continue to act as a short-day type considerably farther southward. The 
Mandarin soy bean illustrates the fact that according to the proposed sys¬ 
tem of classification a short-day plant may have a relatively very long 
critical light period. 

It remains to point out that undoubtedly some plants are injured by a 
very long daily light period or by continuous illumination; and possibly 
there are some which are so sensitive to the factor of day length that the 
range in light periods favorable to flowering is rather narrow, so that day 
lengths both too long and too short would occur. If such plants exist they 
must have two critical light periods, one on either side of the optimum 
period for flowering. These plants obviously would have the characteristics 
of both the short-day and the long-day types under this method of classifica¬ 
tion, and it might become necessary to place them in a special group. 

Types of response in short-day and long-day plants to day lengths 
unfavorable for flowering 

It is characteristic of a large group of herbaceous plants that the pre¬ 
flowering period of vegetative activity is limited chiefly to a leaf-rosette 
stage, and normally elongation of the axis is more or less rapidly followed 
by flowering. In another group stem elongation is a prominent feature of 
the early stages of growth, and under some conditions the axis may con¬ 
tinue to elongate for a prolonged period without the appearance of flower¬ 
ing. This last-named group seems to furnish typical short-day plants while 
the first group supplies typical long-day plants. Thus, when exposed to a 
day length in excess of the critical, there is in the short-day type pro¬ 
nounced, long-continued elongation of the stem without flowering, while 
exposure to a day length shorter than the critical quickly initiates repro¬ 
ductive activity. On the other hand, in the long-day plant, exposure to a 
length of day in excess of the critical results in elongation of the axis, which 
is promptly followed by flowering; while exposure to a length of day below 
the critical tends to limit development to a leaf-rosette stage. It would 
seem, therefore, that the plan of classification herein presented is more or 
less in accordance with lines of division seen in nature. 

It is apparent that when grown at different latitudes or at different sea¬ 
sons of the year, plants of both the long-day and the short-day types as 
measured by their responses may frequently shift from their true positions 
into the indeterminate group. No instance has been found, however, in 
which changes in the daylight period are capable of causing a long-day 
plant to behave as a short-day type or a short-day plant to simulate the 
behavior of a long-day type. As already pointed out, it is possible that some 
highly sensitive plants will be found to combine the characteristics of both 
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types. Such plants typically would exhibit the leaf-rosette form under a 
length of day shorter than the lower critical light period; a day length 
between the two critical periods would produce a flowering stem; while day 
lengths in excess of the upper critical period would lead to extensive elonga¬ 
tion of the axis without flowering. 

Interrelation of length of day and temperature 

Normal response to the day-length factor of course will be dependent 
upon favorable conditions of temperature. While other factors of the 
environment may be operative in varying degrees, in nature the combined 
action of length of day and temperature appears to be of special importance. 
For present purposes it will be sufficient to consider this factor complex 
very briefly in its relation to adaptation of the long-day and short-day types 
to different latitudes and different seasons of the year. The length-of-day 
factor is essentially constant from year to year while the seasonal tempera¬ 
ture usually is variable. Hence under ordinary circumstances temperature 
may be regarded as more commonly responsible for variations in plant 
growth and development from year to year, particularly with respect to 
such features as time of flowering. Nevertheless, through the seasons of 
the year there is usually a definite trend in temperature, and it may be 
noted that ordinarily the mean-temperature curve for a period of years in 
its course from month to month rather closely resembles the length-of-day 
curve. There is, however, one significant point of difference. There is a 
pronounced lag in temperature change as compared with change in length 
of day which, at Washington for example, amounts to some 3 or 4 weeks. 

Beginning with the late winter season, the rapidly increasing length of 
day in regions beyond the tropics will tend to stimulate plant life to re¬ 
newed growth, while in the main the lag in temperature rise will operate 
to retard growth. Initially the day length is short and hence favors flower¬ 
ing in the short-day type of plant but is unfavorable for flowering in the 
long-day type. With rapid increase in the daylight period with advance of 
season, successful flowering in the short-day type becomes essentially a 
question of whether the favorable range in day length will have passed 
before the temperature has arisen sufficiently to permit definite expres¬ 
sion. Naturally this may depend at times upon whether the spring season 
happens to be relatively warm or cold. In the main it may be said that at 
high latitudes conditions are not favorable for successful spring flowering 
in short-day plants, although those which are capable of growing at 
relatively low temperatures have a distinct advantage over the less hardy 
forms. The situation is different with respect to long-day plants, for the 
increasing length of day with advance of the season is constantly becom¬ 
ing more favorable for flowering. The long days of late spring and early 
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Sommer of course are favorable for flowering only in the long-day group 
of plants. As the days begin to shorten in late summer, the conditions be¬ 
come particularly favorable for flowering in the short-day group. Here the 
distinct lag in fall of temperature as compared with decrease in day length 
is especially advantageous to this group. Successful flowering and fruit¬ 
ing will depend chiefly upon whether the plant is capable of responding 
to the day-length factor early enough for completion of the reproductive 
processes before the advent of cold weather. Of course, chances of suc¬ 
cessful reproduction are greater in those species which are capable of toler¬ 
ating cool temperatures. Summarizing, it may be stated that with increas¬ 
ing latitude the conditions become less favorable for flowering in short-day 
plants, and particularly so in the spring because of the combined effect of 
day length and temperature. For those of the short-day group having a 
moderately high critical light period, more favorable conditions for flower¬ 
ing will occur in late summer or early fall. Long-day plants having a very 
high critical light period cannot well flower and fruit successfully except at 
high latitudes, and capacity to grow under cool temperatures is distinctly 
advantageous. On the whole, of course, the short-day group is best adapted 
to relatively low latitudes and the long-day group will be more successful 
in higher latitudes. In this connection the work of Lubimenko, Maximow, 
and associates in Bussia, Tincker and associates in England, McClelland 
in Puerto Bico, Yoshii, Kondo, and associates in Japan, Schick in Ger¬ 
many, and others seems to lend support to this theory that the length-of-day 
factor plays an important role in the natural distribution of plant species 
and in crop-plant adaptation. 

Effects of abnormal light periods 

One of the most interesting observations on the length-of-day effect, 
which was made in the early stages of these investigations, is that when 
reduction in the number of hours of light received by the plant is accom¬ 
plished by midday darkening, the striking effects on flowering obtained by 
excluding the early morning or late afternoon light are no longer seen. It 
has been demonstrated that this result involves primarily the light period 
and hot changes in intensity or spectral composition of the illumination. 
The midday darkening does not initiate flowering in the short-day type, and 
usually it does not materially interfere with reproductive processes in the 
long-day type, even when the period of darkening is long enough to impair 
the general nutrition of the plant. Evidently the net result of this method 
of reducing the daily number of hours of illumination is to favor vegetative 
activity in short-day plants and to favor reproductive activity in long-day 
plants. In a sense the effects of the usual short-day and long-day treat¬ 
ments are reversed. Although the number of hours of daily illumination 
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totals only that constituting a day of 9 or 10 hours, tiie effects on both 
groups of plants are those of a long day. 

In this treatment the plants are exposed to the normal night period of 
darkness and to a midday period of darkness, with short periods of illumi¬ 
nation in the forenoon and afternoon, so that the light relations are rather 
complex. The same results, however, have been obtained consistently when 
long-day and short-day plants were exposed to -short, equal alternations of 
light and darkness obtained by use of electric light. With natural illumi¬ 
nation the condition of equal day and night is not far removed from the 
optimum for initiation of flowering in most plants of the short-day type, 
but this 12-hour day is more or less unfavorable for flowering in the long- 
day group. Similar relations have been found to apply when artificial 
illumination is used. On the other hand, when the equal altematioixs of 
light and darkness were reduced to 6 hours or 4 hours, flowering was 
hastened in long-day plants and delayed in short-day plants. As the periods 
of light and darkness were further shortened these results were accentuated. 
Thus all short alternations of light and darkness, extending down -to those 
as short as 5 seconds, proved to be unfavorable for flowering in the short- 
day group but distinctly favorable in the long-day type. These relations 
persisted even though in some of the treatments the nutrition of the plant 
was seriously disturbed. It is evident that here, as in the case of midday 
darkening, exposure to short alternations of light and darkness produces 
results in both groups of plants similar to those obtained with a long day, 
so far as relates to reproductive activity. As regards vegetative activity 
and general nutrition conditions, no essential difference was observed be¬ 
tween the two groups of plants. As the alternations of light and darkness 
were progressively shortened, increasing evidence of impaired nutrition, 
including chlorosis, attenuation, and decreased growth, culminated in alter¬ 
nations of about one minute; but with further shortening of the alterna¬ 
tions there was a rapid return to approximately normal nutrition and 
growth. It is evident, therefore, that the effects on reproductive activity 
were dependent primarily on whether the long-day or short-day type of 
plant was involved; but effects on nutrition and gro-wth were conditioned 
chiefly by the specific alternation of light and darkness rather than by the 
type of plant. 

Summarizing the discussion, it will be seen that while development of 
the contrasted characteristics of the two groups of plants which have been 
classed as long-day and short-day is based almost entirely on their ob¬ 
served responses to differences in the light period, this mode of classi¬ 
fication seems to be a more or less natural one. Certain contrasts in growth 
characteristics, together with the marked differences with respect to repro¬ 
ductive activity in relation to day length manifested by the two groups, 
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are in line with their general behavior in nature as well as with their 
comparative regional and seasonal growth characteristics. In their re¬ 
sponses to abnormal light periods the two types also show definite contrast, 
so far as concerns initiation of reproductive activity, although apparently 
this does not hold true with respect to maintenance of the general nutrition 
of the plant. However, any adequate interpretation of the exact significance 
of these contrasted responses must be left to the future. For those plants 
which are more sensitive to the length-of-day factor, there exists a fairly 
definite critical light period which constitutes the dividing line between 
day lengths favorable to flowering and fruiting and those tending to pro¬ 
duce a purely vegetative type of activity. In the short-day group flower¬ 
ing is initiated by day lengths shorter than the critical, and in the long-day 
group flowering is initiated by day lengths in excess of the critical. Com¬ 
monly among annuals and herbaceous perennials the alternative vegetative 
stage of the short-day type is characterized by indeterminate elongation of 
the axis, while a prominent feature of the vegetative stage in the long-day 
type is embodied in a leaf-rosette form of growth without significant stem 
elongation. To determine the classification of a given plant it will usually 
suffice to observe the nature of the response to a day length less than, and 
to one greater than the critical light period. The essential characteristic of 
the less sensitive or indeterminate group of plants is that they possess no 
clearly defined critical light period. 

Bueeau op Plant Industry 

U. S. Department op Agriculture 
Washington, D, C. 



EFFECTS OF STARVATION ON DISTRIBUTION OF MINERAL 
NUTRIENTS IN FRENCH PRUNE TREES GROWN 
IN CULTURE SOLUTIONS 

H. L. COLBT 
(with fifteen figures) 

Introduction 

Leaf samples were taken for analysis, from the entire group of French 
prune trees starved for various elements ( 2 ), at three dates during 1930, 
the second year of starvation. The first collections were on May 15, the 
second on July 25, and the third and last on November 5. By the time of 
the last collection, several groups of trees (-Ca, -P, -N) had dropped all 
of their leaves, and therefore no analyses are reported for leaves of these 
groups, and for this date. 

In most respects, the second year analyses (tables I, II; figs. 1, 2) agree 
with the analyses of the leaves taken at the close of the 1929 season. Leaves 
from -K cultures were consistently high (on dry-weight basis) in N and 
PjOs throughout the entire season of 1930. These leaves were about 30 
per cent, above normal in CaO and MgO, but showed only 31 per cent, of 
normal K^O on November 5. 

The CaO content of leaves starved for calcium started at 51 per cent, 
of normal (on May 15), and fell to 38.6 per cent, normal by July 25. 
They were low in N and in ash, and high in MgO and KjO throughout 
the season. 

Leaves starved for magnesium showed a MgO content of 0.08 per cent. 
(24.5 per cent, of normal) on May 15, the MgO content remaining almost 
constant throughout the season. These leaves were extremely low in CaO; 
even lower than the CaO content of -Ca leaves on July 25, etc. The N con¬ 
tent was very high throughout the season, being 3.85 per cent, of the dry 
weight on November 5 (which figure represents N in a third cycle of young 
leaves, the only foliage these trees had at the time). P 2 O 5 and ash content 
were also above normal; K^O content fell off sharply from the early season 
to November 5, when only 0.705 per cent, (dry weight) was present. 

Leaves starved for phosphate showed a low N content on May 15, and 
only 0.09 per cent. PjOg (19.3 per cent, of normal); P^Oj was slightly 
higher by July 25. The leaves were high in MgO and rather low in. CaO 
throughout the season. 

Leaves starved for sulphur showed (May 15) 0.068 per cent, (dry 
weight) SOj, which was 10.0 per cent, of the normal content. The SO, 
rose slightly by July 25 and then fell back to 0.08 per cent, on November 5. 

367 








TABLE II 











I Pia, 1, Seasonal variation in the mineral composition of groups of French prune 
leaves starved for various elements for the two-year period 1929-1930; samples taken on 
three dates during the second year of starvation. 
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Fig. 2. Maximum variability of the mineral constituents (on percentage dry weight 
basis, the minimum in each case being taken as equal to 100 per cent.X obtained in starva¬ 
tion treatments, with French prune tree leaves taken in the second year of starvation. 


The N content of -S leaves on May 15 was 4.7 per cent., the extreme upper 
limit of N content recorded anywhere in the experiment. The N fell 
rapidly to a low level of 1.62 per cent, by November 5. 

Leaves starved for nitrogen showed 1.61 per cent. N on May 15 and 
1.26 per cent, on July 25. No ash analyses were made of this group. 
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^^Complete^^ (AZ) leaves showed 3.4 per cent. N at the first collection; 
2,53 per cent, on July 25; and 2.04 per cent, on November 5. These leaves 
appeared to be below normal in K^O throughout the season, although K 
was always present in the culture solution. They were slightly low in 
CaO content; otherwise the analyses checked fairly well with well-grown 
orchard leaves of similar trees. 

The maximum (in percentage based on the minimum as = 100) content 
of particular elements, on a dry-weight basis produced by starvation 
methods in these leaves, was: 


Pee cent. 


For total N. 

Ash . 

. 325 

. 270 


. 744 

‘‘ CaO . 

. 831 

MgO . 

. 1212 

‘‘ K-O . 

. 566 

“ “ so,. 

. 1180 


Inorganic composition of bark, wood, and root at end of 
two years' starvation 

After the eighty French prune trees of the starvation experiment had 
completed two years of growth in culture solutions, the trees were harvested, 
washed, weighed, and separated into six divisions: young (one and two- 
year) roots; main (three-year) roots; trunk (three-year) wood; trunk 
bark; young (one and two-year) branch wood; and young branch bark. 
All tissues were dried, ground, and analyzed for N, Mg, Ca, P, K, and Pe. 
Nitrogen was obtained by the Kjeldahl method, potassium by the platinic 
chloride (gravimetric), calcium by the volumetric (KMnO^ titration), 
magnesium by precipitation with ammonium phosphate, phosphorus by 
the Denig^s colorimetric, and iron by the thiocyanate method. 

The five trees taken from the group at the start of the experiment were 
separated into three divisions: trunk bark, trunk wood, and root, the last 
corresponding to the main root section of the starved trees harvested two 
years later. 

In the original tree tissue (at the start of the experiment) the ash con¬ 
tent of the top trunk bark was 6.36 per cent, of the dry weight; the ash 
content of the wood was 0.8 per cent.; and in the root (bark plus wood) 
it was 2.0 per cent. The roots were very high in phosphorus; the calcium 
and potassium contents were about equal; and most of the iron stored in 
the tree was in the root. The ‘^original'' trees, then, were moderately well 
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TABLE III 


Mineral constituents in original tree tissues at start of experiment j in 

PERCENTAGE OF DRY WEIGHT 



Ash 

Nitrogen 

P.o. 

KjO 

8O3 

CaO 

MgO 

Fe^O, 

Top 1 
Trunk 
Bark J 


% 

% 


% 

% 

% 

% 

% 


6.36 1 

1.8 

0.34 

1.82 

0.3 

1.97 

0.15 

0.055 

Top ] 

Trunk 

Wood 


0.80 

0.75 

0.07 

0.39 

0.02 

0.15 

0.048 

0.0014 

Root 

2.00 

1.10 

0.24 

0.70 

0.09 

0.70 

0.087 

0.046 


stocked with the more common elements necessary for growth. Table IlIA 
gives the results on the basis of dry-M^eight yield for the entire tree. 


TABLE IllA 

Yield per tree of dry weight, ash, and nitrogen, after two years' treatment 

(STARVATION SERIES) 


Tree 

Dry WEIGHT 

Total ash per tree 

Total N 


(jm. 

gm. 

gm. 

Complete 

348.2 

10.80 

5.050 

-S 

200.2 

6.30 

3.300 

-P 

331.5 

4.01 

1.150 

-K-fNa 

119.2 

3.44 

1.390 

-Ca 

98.3 ! 

2.32 

0.710 

-N 

95.8 

2.54 

0.340 

-K 

92.4 

2.79 

1.048 

-Mg 

91.1 

3.45 

0.854 

Original 

1 

53.3 ! 

1.01 

0.540 


Inorganic composition of trees, taking whole tree as a unit 

It is interesting to note that the Mg-starved trees were lowest of the 
series in dry-weight yield, but ranked fourth in total ash per tree, and 
sixth in total nitrogen. Mg-starved tissues throughout the tree were found 
to be high in ash content (the highest of any group of trees). 

Trees starved for potassium show^ed (tables IV-IX; figs. 3-10) low N 
(percentage dry weight, compared with that of check trees), slightly lower 
ash content, high P 2 O 5 , normal MgO, and CaO equal to twice that of check 
trees. KgO was equal to 40 per cent, of normal. 

Similar composition was found in the ~K 4 Na trees, but with somewhat 
higher N content, lower P 2 O 5 , and much lower ash and CaO content than 
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TABLE V 

P,0, AS rSBCCHTAOE Or ASH AND AS PESCENTAGE OP DET WEIGHT IN TAKIOIT8 PAETS OP FeENCH PETTNE TBEES APTEB TWO TEABS’ STAEVATIOH 



fee O O & 





















TABLE VI 





TABLE VII 

CaO IK PERCENTAGE OP ASH AND AS PERCENTAGE OP DRY WEIGHT IN VARIOUS PORTIONS OP FRENCH PRUNE TREES AFTER TWO YEARS' STARVATION 


























TABLE IX 

FeiO^ AS PBECSNTAOB OP ASH AND AS PEECENTAOE OP DET WEIGHT IN TABIOUS PASTS OP FbENCH PBUNB TREES APTEB TWO YEARS ’ STARVATION 


Boot 

MAIN (3 Y£ABS) 

t 

% 

0.096 

0.083 

0.044 

0.058 

0.028 

0.027 

0.028 

0.0187 

0.0460 

0.018 

Ash 

% 

3.2 

3.22 

1.70 

1.51 

1.02 
0.87 1 
1.06 

0.72 

2.30 

0.80 

Boot 

(1 AND 2 years) 

1 

ococau^tocaoM * 

^ CO CO iH pH 03 IH iH 

000000 0 ,0 

CO 

§ 

0 

tH 

CO 

0 

Ash 

^oqot>i>;'^oqcoco 

®odo>coococococa 

Wood 

TRUNK (3 years) 

t 

>* 

& 

% 

0.0047 

0.0078 

0.0046 

0.0084 

0.0053 

0.0061 

0.0071 

0.0068 

0.0014 

Ash 

% 

0.85 

1.02 

0.78 

1.21 

0.86 

0.87 

1.37 

1.24 i 

0.175 

Wood 

1 (1 AND 2 years) 

% 

s 

p 

% 

0.016 

0.021 

0.007 

0.017 

0.014 

0.0073 

0.018 

0.0088 

Ash 

% 

2.34 1 

1.90 

0.66 

1.12 

0.86 

0.56 

1.90 

1.12 

Bark 

TRUNK (3 YEARS) 

t 

a 

1 % 

0.024 

0.038 

0.040 

0.060 

0.065 

0.044 

0.029 

0.025 

0.055 

) trunk 

6T0’0 1 WO 1 

Ash J 

o 

OO^OtOOt^CQOiOH 

® O O O c5 iH o o o o 

Bark 

(1 AND 2 YEARS) 

% 

1 

% ! 
0.030 ' 

0.038 j 

0.046 ' 

0.032 

0.034 j 
0.046 j 

0.024 

i 

0.024 

op 12 

iH 

CQ 

0 

0 

00 

Oi 

0 

Ash 

% 

0.48 

0.68 

1.091 

0.38 

0.78 

0.87 

0.62 

0.49 

t1 

to 

a 

% 

1 

% 

0.065 

0.086 

0.126 

0.220 

0.218 

0.114 

0.161 

Ash 

% 

0.78 

1.20 

1.40 

2.40* 

2.0 

1.2 

1.56 1 


1 

-K . 

-K + Na .. 

-Mg ... 

-NO,... 

-PO.-- 

-so.- 

Complete. 

Original tissue — 

Distilled H 3 O . 
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TABLE X 

DisTWBimoN (averaqed) op dry weight and mineral constituents 





Dry weight 

TotalN 

PoO., 

Treatment 


Material 








Gross 

1 Total 

Gross 

1 Total 

Gross 

1 Total 






gm . 

% 

1 g ' tn . 

% 

gm . 

% 



Wood 1, 2 

3.6 

3.8 

0.025 

2.31 

0.006 

' 1.9 



Wood trunk 

25.3 

27.3 

1 0.063 

6.10 

0.0607 

, 19.7 

-K .1 


Bark 1, 2 

6.7 

7.3 

' 0.107 

10.1 

0.0305 

1 10.0 


Bark trunk 

9.8 

10.8 

0.1117 

10.6 

0.0320 

10.4 



1 Root 1, 2 

14.4 

15.5 

0.2952 

1 28.3 

1 0.0559 

i 18.2 



1 Root trunk 

32.6 

35.3 

0.4466 

1 42.6 

1 0.1222 

1 39.8 

Total 

92.4 

1 100.0 

1.0485 

100.0 

0.3073 

100.0 

Tree average 



1.13% 


0..33% 


r 

Wood 1, 2 

7.1 

6.0 

I 0.043 

i 3.0 

0.014 

3.7 


! Wood trunk 

38.7 

32.5 

1 0.093 

6.6 

0.075 

20.0 

-K4Na j 


Bark 1, 2 

' 7.5 

6.3 

i 0.113 

8.1 

0.035 

9.4 


Bark trunk 

11.9 

10.0 

0.145 

10.4 

0.041 

i 11.3 



Root 1, 2 , 

17.7 

14.8 

0.408 

29.4 

0.070 

1 18.7 



Root trunk 

36.2 

30.4 

0.590 

42.5 

1 

0.139 

36.6 

Total 

119.2 

100.0 

1.392 

100.0 

0.3769 

1 100.0 

Tree average . . 



1.17% 


0.31% i 



Wood 1, 2 

4.6* 

4.7 

0.023 

3.2 

0.0068 

2.8 



Wood trunk 

30.2 

30.7 

0.0458 

6.2 

0.0383 

16.1 

-Ca* , , 


1 Bark 1, 2 

5.1 

5.5 

! 0.053 

7.4 

0.0238 

10.0 


Bark trunk 

14.0 

14.2 

0.1428 

20.0 

0.0415 

17.4 



Boot 1, 2 

8.0 

8.2 

0.1176 

16.5 

0.0291 

12.3 



Root trunk 

36.4 

37.0 

0.3312 

46.6 

0.0983 

41.4 

Total 

98.3 

100.0 

0.7129 

100.0 

0.2378 

100.0 

Tree average > 



0.727% 


0.24% 




Wood 1, 2 

5.5 

6.04 

0.0286 

3.5 

0.0076 

1 2.9 



Wood trunk 

29.5 

32.4 

0.0354 

4.4 

0.0197 i 

7.7 

-Mg ... . 


Bark 1, 2 

7.8 

8.6 

0.1170 

14.7 

0.0438 i 

17.1 


Bark trunk 

8.3 

9.1 

0.0647 

8.0 

0.0149 

5.8 



Root 1, 2 

10.8 

11.8 

0.2030 

27.5 

0.0722 

28.2 



Root trunk 

29.2 

32.1 

0.3299 

42.1 

0.0981 

38.3 

Total 

91.1 

100.0 

0.7786 

100.0 

0.2503 

100.0 

Tree average .. . 

•• 

.... 

0.854% 


0.280% 1 
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TABLE X 

THEOUOHODT THE TREE (FRENCH PRtTNE) AFTER TWO YEARS’ TREATMENT 


Ash 

CaO 

MgO 

KjO 

Fe :{03 

Gross 

Total | 

Gross 

Total 

Gross 

Total 

Gross 

Total 

Gross 

Total 

gm. 

1 % 

gm. 

% 

gm. 

% 

gm. 

% 

g'tn. 

%' 

0.0288 

1.0 

0.0067 

0.7 

0.0011 

0.9 

0.0047 

1.8 

0.00057 

0.6 

0.1391 

4.9 

0.0394 

4.3 

0.0029 

2.2 

0.0167 

6.5 

0.00119 

1.4 

0.4623 

16.5 

0.1460 

15.4 

0.0203 

16.4 

0.0378 

14.8 

0.00280 

3.1 

0.5978 

21.3 

0.2910 

30.8 

0.0351 

27.2 

0.0585 

22.9 

0.00235 

2.5 

0.5904 

21.1 

0.1627 

17.3 

0.0194 

15.1 

0.0518 

20.3 

0.0518 

57.4 

0.9780 

34.9 

0.2973 

31.5 

0.0498 

38.2 

0.0860 

33.7 

0.0313 

35.0 

2.7964 

100.0 1 

0.9431 

100.0 

0.1286 

100.0 

0.2555 

100.0 

0.09000 1 

100.0 

3.02% 


1.02% 


0.13% 


0.27% 


0.098% 


0.0816 

2.5 

0.013 

1.4 

0.0024 

1.5 

0.0073 

2.2 

0.0015 

1.4 

0.297 

8.4 

0.049 : 

5.6 

0.0062 

3.9 

0.0530 

16.2 

0.0029 

2.8 

0.420 

12.4 

0.1837 

20.7 

0.0196 

12.4 

0.0380 

11.6 

0.0028 

2.7 

0.928 

27.0 

0.3320 

37.5 

0.0408 

26.0 

0.0704 

21.8 

0.0045 

4.1 

0.734 

21.4 

0.0964 

10.9 

0.0347 

22.1 

1 0.0608 

18.6 

0.0660 

61.1 

0.962 

28.3 

0.2099 

23.9 

0.0535 1 

34.1 

0.0963 

29.6 

0.0300 

27.9 

3.446 

100.0 

0.8845 

100.0 

0.1572 

100.0 

0.3264 

100.0 

0.1077 

100.0 

2.65% 


0.74% 


0.132% 

1 


0.27% 


0.090% 


0.0556 

2.3 1 

0.00519 

1.7 

0.0040 

2.7 

0.0197 

2.7 

0.0003 

0.8 

0.1812 

7.7 1 

0.0347 

11.8 

0.0054 

3.7 

0.0797 

11.2 

0.00144 

3.9 

0.2065 

8.8 ! 

0.01341 

4.6 

0.0097 1 

6.8 

0.0545 1 

7.6 

0.00224 

6.0 

0.6300 

27.1 

0.1089 

37.3 

0.0421 

29.3 

0.1596 

22.4 

0.0056 

15.1 

0.3080 

13.3 

0.0133 

4.6 

0.0209 

14.7 

0.1008 

14.2 

0.0113 

30.7 

0.9464 

40.8 1 

0.1172 

40.0 

0.0633 

43.8 j 

0.2970 

41.9 

0.0160 

43.5 

2.3277 

100.0 1 

0.2926 

100.0 

0.1454 

100.0 

0.7113 

100.0 

0.0368 

100.0 

2.37% 

1 

0.298% 


0.14% 


0.72% 


0.037% 

. 

0.088 

2.5*1 

0.0189 

1.7 

0.0013 

2.9 

0.020 

2.7 

0.00093 

1.2 

0.2065 

5.9 1 

0.0584 

5.3 

0.0025 

5.5 

0.098 

13.4 

0.00247 

3.3 

0.6552 

18.9 1 

0.2386 

22.1 

0.0078 

16.5 

0.105 

14.3 

0.00248 

3.3 

0.7138 

20.7 ! 

0.2963 

27.3 

0.0061 

13.2 

0,1211 

16.7 

0.0049 

6.4 

0.6620 

19.2 1 

0.1427 

13.1 

0.0067 

14.5 

0.1598 

21.9 

0.0469 

63.2 

0.1271 

32.0 1 

1 

0.3299 

30.5 

0.0222 

47.4 

0.2254 

31.0 

0.0169 

22.6 

3.4526 

100.0 

1.0848 1 

100.0 

0.0467 

1 100.0 

0.7298 

100.0 

1 

0.0744 

100.0 

3.79% 

. 

1.19% 1 . 

0.05% 

. 1 

0.80% 1 

. .. 

0.081% 1 

1 
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TABLE X {Continued) 

DlSTUBUnON (ATEKAOSn) OF PBT WBIOHT AND MINUtAD CONSTITDXHTS 


Tbsataient 

Material 

Dry vr 

EIGHT 

TotalN 

PA 

Gross 

Total 

Gross 

Total 

Gross 

Total 


" 


gm . 

% 

gm . 

% 

gm . 

% 



Wood 1, 2 

0.8 

0.83 

0.0028 

0.8 

0.0012 




Wood trunk 

31.7 

33.10 

0.0285 

8.4 

0.0402 

16.5 



Bark 1, 2 

1.3 

1.35 

0.0080 

2.3 

0.0050 

2.0 

-NO,. 


Bark trunk 

9.6 

10.02 

0.1439 

42.4 

0.1043 

42.8 



Boot 1, 2 

18.7 

19.50 

0.0489 

14.4 

0.0211 

8.7 



Boot trunk 

33.7 

35.20 

0.1078 

31.7 

0.0717 

29.5 

Total . 



95.8 

100.0 

0.3399 

100.0 

0.2435 


Tree average.-. 


. 

. 

. 

0.35% 


0.253% 

. 



Wood 1, 2 

15.3 

11.6 

0.0673 

5.8 


5.4 



Wood trunk 

29.3 

22.3 


3.8 


9.4 

-PO.. 


Bark 1, 2 

15.7 

12.0 

0.1962 

17.0 

0.0424 

31.0 


Bark trunk 

9.7 

7.4 

0.1057 

9.1 


6.0 



Boot 1, 2 

24.5 

18.5 

0.4116 

35.8 


22.0 



Boot trunk 

37.0 

28.2 

0.3256 

28.5 

0.0373 

27.0 

Total . 

131.5 

100.0 

1.1502 

100.0 



Tree average. 

.... 

. 

... . 

. 

0M% 

. 

0.105% 




Wood 1, 2 

14.8 

7.4 

*1 

2.1 

IEEk h h 

3.4 



Wood trunk 

47.4 

23.7 


5.1 


6.5 



Bark 1, 2 

16.2 

8.1 


12.2 



K/ ... »>•••••••• * 


Bark trunk 

19.8 

9.9 


12.6 


13.4 



Boot 1, 2 

51.9 

25.9 


39.0 

K S 

41.9 



Boot trunk 

50.1 

25.0 


29.0 

0.1618 

25.8 

Total . . 

200.2 

100.0 

3.305 

100.0 1 

0.5926 

100.0 

Tree average. 


. 


. 

1.65% 


0.296% 




Wood 1, 2 


11.2 


5.1 

0.0581 

5.7 



Wood trunk 

81.8 

23.5 



0.1038 

10.3 

Complete. 


Bark I, 2 

41.0 

11.7 


12.8 

0.1845 

18.4 


Bark trunk 

31.3 


0.422 

8.8 


7.1 



Boot 2 

83.1 

23.8 

2.227 

44.4 

0.3074 

30.7 



Boot trunk 


20.8 

1.224 

24.4 

0.2764 

27.8 

Total . 


. 

348.2 

100,0 

5.030 



100.0 

Tree average. 


. 



1.44% 

. 

0.287% 




Top wood 




32.5 

m 

18.0 

Original tissue. 


Top bark 




17.5 

isiH 




Boot trunk 




60.0 

m 

62.0 

Total .. 

53.3 

100.0 

0.540 

100.0 

0.093 

100.0 

Tree average. 



1.01% 

.. 

0.175% 
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TABLE X {Continued) 

THBOUOBOUT THE XBKE (FbENOH PBmnc) ATFEA TWO TXABS’ TBEATUEKT 


Ash 

OaO 

MgO 

K,0 

Fe.0, 

Geoss 

Total 

Gboss 

Total 

Gross 

Total 

Gross 

Total 

Gross 

Total 

gm. 

% 

gm^ 

% 

gm. 

% 

gm. 

% 

gm. 

% ■ 



KfmTfcS 

0.3 

0.00041 

0.6 




0.2 

0.1965 

7.7 



0.0069 

8.6 




3.5 

0.0572 

2.2 


3.7 

0.0044 

5.5 


1.9 

luunTfll 

0.8 


18.8 

0.1344 

33.5 

0.0196 

24.5 


18.1 

ItAn^^^B 

13.4 

0.8508 

33.5 


8.5 


18.9 


34.7 

ISaT^T^I 

61.5 

0.9436 

37.3 



jQgHIII 

42.0 


34.5 


20.2 

2.5411 

100.0 

0.4016 

100.0 

0.0801 

100.0 

0.6263 


0.0468 

100.0 

2.64% ' 


0.417% 


0.083% 


0.66% 

flil 

0.048% 

— 

0.2035 

5.0 



0.0052 

3.2 

IX " f SB 

4.3 

0.0014 

1.1 

0.2051 

5.1 

0.0460 

5.0 



lijfrTn^i 

7.7 

0.0017 

1.7 

0.8321 

20.7 


27.2 

0.0474 

29.4 

lijcTni^i 

19.8 

0.0092 

9.4 

0.5626 

14.0 


23.1 

0.0253 

15.6 


17.3 

0.0042 

4.3 

1.0657 

26.6 


12.9 


22.4 

nXTTiH 

25.6 

0.0715 

73.5 

1.1479 

28.6 

0.2534 

27.8 

tsB 

26.4 

IW * • fB 

25.3 

0.0099 

10.0 

4.0160 

100.0 

0.9203 

100.0 

0.1607 

100.0 

0.7922 

100.0 

0.0976 

100.0 

3.06% 

. .. 

0.70% 

. 

0.122% 

. 

0.604% 

. 

0.074% 

. 

0.1361 

2.1 

Hjff S t 

2.1 


1.7 


2.1 

EEl? * 

2.2 

0.2464 

3.9 


5.7 

0.0111 

3.5 

0.0739 

6.7 


2.8 

0.761 

12.1 


20.0 

0.0333 

10.7 

KE ^^B 


liAiA^Tr^l 

4.0 

1.138 

10.1 


35.4 

0.0711 

22.9 


17.8 


4.0 

2.673 

42.4 


20.3 

0.1162 

37.3 


28.8 

0.0882 

75.2 

1.352 

21.4 

0.1998 

16.5 

0.0741 

23.9 

iisgim 

29.6 

0.0140 

11.8 

6.307 

100.0 

1.2123 

100.0 

0.3112 

100.0 

1.1033 

100.0 

0.1175 

100.0 

3.15% 



. 

0.155% 

. 

0.65% 



nn 

0.312 

2.9 

BX![ U 

2.7 

Mi 

2.6 

jBRB 



jBjM 

0.449 

4.1 


6.7 


3.6 

B SI 

6.3 



2.009 

18.6 

luHntH 

28.9 


18.4 

E 

18.6 


^Bwl 

2.003 

18.6 


34.3 

iSfH 

18.5 

E S 1^1 

15.9 



4.155 

38.6 


16.1 

0.1479 

31.8 

B mL 

35.7 

BfiK 

68.6 

1.872 

17.3 

liaiAS 

11.3 

0.1044 

22.1 


19.5 

0.0134 

10.6 

10.800 

100.0 

1.7339 

100.0 

0.4457 

100.0 

2.1641 

100.0 

0.1271 

100.0 

3.10% 

. 

0.49% 

. 

0.13% 

mn 

0.62% 

. 

0.036% 

. 




11.3 

EE SSI 

28.2 

MM 

26.8 

0.0003 

2.0 




33.3 


19.3 

BbI^I 

26.6 

0.0029 

20.4 

0.490 

48.2 

0.171 

55.2 

lomi 

62.5 

IBi 

47.7 


7.76 

1.015 

100.0 

0.310 

100.0 

0.040 

100.0 

0.358 


0.0142 


1.91% 

— 

0.68% 

. 0.075% 

— 

0.676% 


0.0268% 
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Fio. 3. Average mineral composition for the entire tree (in percentage of dry 
weight); French prune trees after two years of starvation treatment. 

in the ~K trees. MgO and KgO contents were almost identical in the two 
groups. 

Trees in the minus-Ca group had only one-half as high N (on per cent, 
dry weight) as had the complete-solution trees. PgOg was slightly low, ash 
was very low, CaO was 60 per cent, of the check (or normal), MgO was 
slightly above normal, and KgO was about 16 per cent, above normal. 
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Fig. 4. Nitrogen content of various parts of French prune trees after two years of 
starvation for given elements. 

Trees starved for N showed a content of N equal to 25 per cent, normal; 
PgOg, CaO, and ash lower than normal; MgO far below and KgO slightly 
above normal. 

Trees starved for Mg had 59 per cent, of normal N content, very 
unevenly distributed throughout the tree, a normal P 2 O 3 content, CaO more 
than twice normal, MgO equal to 38 per cent, normal, and KgO equal to 
30 per cent, above normal. 
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Fio. 5. Mineral composition in percentage of dry weight of branch (one and two 
year) bark tissues from French prune trees starved for given elements. 

The N content of -P trees was only 61 per cent, normal, PgOg waa 36 
per cent, formal, ash was normal, CaO was 40 per cent, above normal, and 
MgO and KgO were both somewhat lower than in the complete-solution trees. 

Minus-S trees showed the highest N content of any trees in the experi¬ 
ment, being 14 per cent, above normal; PgOg was slightly above normal, as 
was also ash content, CaO, and MgO; KgO was about 11 per cent, below 
normal. 







COLBY; EFFECTS OP STARVATION 


377 



Fiq. 6. MiiLeral composition in percentage of dry weight of branch (one and two 
year) wood from French prune trees starved for given elements. 

Contrasting the analyses of the complete trees with those of original 
trees, we see that during the experiment these trees had gained in percentage 
N, P 2 O 5 , ash, MgO, and lost in CaO and K^O. It must be recalled, however, 
that the “original tree tissue” aliquot did not include the young tips of 
either top or root, as these young parts were pruned off before sampling 






378 


PLANT PHYSIOLOGY 



Fig. 7. Mineral composition in percentage of dry weight of trunk (three year) bark 
tissues from French trees starved for given elements. 

was begun. Consequently the two sets of tissues are not entirely compar¬ 
able. In the following section, parts of the trees (trunk and main root 
sections) that are entirely comparable, are discussed in detail. 
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Fio. 8. Mineral eompoeition in percentage of dr^ weight of trunk (three year} 
wood from French prune trees starved for given elements* 

Distribution of mineral elements within the trees 

As to the mineral composition of various parts of the trees of each group 
in the experiment, it appears (table X) that elemental starvation in these 
fruit trees caused considerable redistribution of mineral elements within 
the various organs of the tree. 
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Fig. 9. Mineral composition in percentage of dry weight of branch (one and two 
year) roots from French prune trees starved for given elements. 

MinuS’'poiassimtfi group .—The upper parts of these trees were high in N 
as compared with normal (or complete-solution) trees. The leaves (all 
leaf tissue referred to in this section was harvested July 25,1930) especially 
were high in both N and P. The lower parts of the trees were low in N; 
the wood was high in P, and PegOg was two to three times more than normal. 
Young roots were high in calcium and low in Mg. The parts of the trees 
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Fiq. 10. Mineral composition in percentage of dry weight of main (three-year-old) 
root tissues of French prune trees starved for given elements. 

lowest in K were: roots, about 41 per cent, normal in K; and trunk wood, 
40 per cent, normal. 

Minus-poiassium plus-sodium group .—The composition was very much 
as in the preceding, but the entire trees were high in P. Perhaps this great 
absorption of P is characteristic of trees treated liberally with sodium salts. 





382 


PLANT PHYSIOLOGY 



prune trees at close of the starvation experiment. 

MinuS‘Calcium group. —The entire trees were low in N. Leaves showed 
only 35 per cent, of normal Ca content. Wood and main roots had abun¬ 
dant Ca, apparently immobile. Young bark showed a Ca content which 
was 21 per cent of normal, apparently being the most severely Ca-starved 
tissue of the tree. Trunk wood was low in Fe. 

t Minus-magnesium group. —The leaves were high in N, the lower part of 
the tree being low in N; leaves were low in Ca, the rest of the tree being 
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Fig. 12. Distribution of mineral elements among the various parts of French prune 
trees grown for two years in complete-culture solution; given in percentage of total 
weight of the given element in the tree. 


high in that element. The leaves and young roots were high in P, but the 
rest of the tree was low in P. The wood was high in Fe. The entire tree 
was high in ash. The tissue lowest in Mg, in percentage of normal, was 
leaf tissue, with Mg 19 per cent, of normal. 

Minus-nitrogen group ,—The upper parts of the trees were high in Mg; 
the wood and young roots were high in K; wood and main roots were high 
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Ko. 13. Distribution of mineral elements among the various parts of French prune 
trees after two years of growth in distilled water. 

in Ca; young roots and bark were low in Ca. The main root showed most 
severe N starvation, with a N content only 17 per cent, normal. 

Minus-phosphorus group .—The leaves were high in N, but the remainder 
of the tree was low in this element. The upper parts of the tree showed 
high Mg, but the rest of the tree was low in it. The trunk parts were high 
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in Ca. The main root portion was severely starved for P, with only 26 
per cent, normal content; trunk bark had 27 per cent, normal P, and leaf 
tissue 28 per cent. 

Minus-sidphur group, —The young wood and leaves (July 25) were 
rather low in N, but the rest of the tree was very high in this element. The 
entire tree, except the young roots, was low in P. The upper parts of the 
trees were high in ash. Ca was high throughout the entire tree. Leaf tis¬ 
sue contained only about 15 per cent, of the normal S content. 

Distilled-water trees 

French prune trees grown in distilled water for two years (tables IX- 
XIV) showed: 

Percentage 
or NORMAL 

r N=:27 

Young branch (1 and 2 years) tops . . < CaO = 70 

t K20 = 84 

r N = 39 

Trunk top . < CaO = 18 

I Kfi = 97 

Young roots showed N 55 per cent, of normal, KgO 55 per cent of nor¬ 
mal, ash 76 per cent, of normal, MgO and CaO equal to that of complete- 
solution trees. Main roots had 19 per cent, normal N, 86 per cent, normal 
ash, low MgO, high CaO, and 50 per cent, normal P 2 O 5 . 

It should be noted that the N content of the main root of these trees 
fell to the same level as in the main root of -N trees; but the young roots 
of the latter showed far more drastic N starvation than did young roots of 
distilled-water trees. 

As to the complete-solution trees, it is to be noted that 45 per cent, of 
the dry weight of the tree w as in the root at the close of the experiment (see 
fig. 11 ). With the exception of CaO, the bulk of the mineral total was in 
the root (leaves not being included). As for CaO, 63.2 per cent, of the 
tree total was in the bark of the top. 

Root-top distribution of mineral elements 

Roots of complete-solution trees contained: 


68.8 per 

cent, of total 

N 

of 

the tree 

58.5 “ 

<< <( (< 

P 2 O, 

(( 

it if 

55.9 “ 

(< << << 

Ash 

if 

fi a 

27.4 “ 

it if 

CaO 

it 

ti if 

53.9 “ 

it ti if 

MgO 

it 

ti a 

55.2 “ 

n if if 


it 

if it 
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TABLE XI 
Distilled watee trees 

Total mineral content (om. per tree) and distribution as same 
Average mineral content (entire tree) as percentage of dry weight 


Division 

Gross 

Total 

Gross | 

Total 

Gross 

Total 

Gross 

Total 

Dry weight 

Ash 

N 

Fe,0, 


gm. 

% 

gm. 

% 

gm. 

% 

gm. 

% 

Top 1, 2 .. 

4.0 

4.2 

0.124 

4.9 

0.0108 

2.5 

0.0012 

6.3 

Top trunk 

36.4 

37.3 

0.910 

36.5 

0.0873 

20.5 

0.0069 

36.5 

Boot 1, 2 

13.0 

13.4 

0.494 

19.8 

0.1820 

42.8 

0.0030 

15.4 

Boot trunk . 

44.0 

45.1 

0.968 

38.8 

0.1450 

34.1 

0.0079 

41.8 

Total 

97.0 

100.0 

2.496 

100.0 





Tree average 



2.57% 


0.438% 

.. . 

0.0195 



CaO I MgO I K,0 I P,0. 


Top 1, 2 

0.0190 

5.6 

0.0094 

6.6 

0.0199 

5.5 


5.1 

Top trunk . . 

0.1383 

40.9 

0.0508 

35.7 

0.1490 

41.2 


21.5 

Boot 1, 2 

0.0442 

13.1 

0.0231 

16.2 

0.0656 

18.1 



Boot trunk 

.1360 

40.3 

.0589 

41.5 

.1265 

35.2 


43.4 

Total. 

0.3375 



100.0 

0.3610 

100.0 

0.195 

100.0 

Tree average ... 

0.348% 


0.146% 


0.372% 

•• 

0.201% 



Boots of distilled-water trees contained: 


76.9 per cent, of N 

73.4 “ “ “ P^Os 

58.6 “ “ “ Ash 

53.4 “ “ “ CaO 

57.7 “ “ “ MgO 

53.3 “ “ “ K^O 


of the tree 

<< << H 

it ii it 

it it ii 

ii it it 

it it ii 


The iron content of the young wood (and of main roots) of -K, 
-K-fNa, -Mg, and ~S trees was excessively great, in proportion to the 
amount of Fe present in young bark tissues of these same trees. Iron ap¬ 
peared to have difficulty in reaching the bark under these conditions of 
starvation. On the other hand, young bark tissues of - P and - Ca trees 
were excessively high in iron, while the iron content of young wood and 
main root sections of these trees was comparatively very low. The work of 
Ingalls and Shive ( 4 ) on iron in lime-loving annual plants tends to con¬ 
firm this point. 

It should be stated here again that the -K, -K + Na, -Mg, and -S 
trees were all fed larger amounts of iron than were the complete, - Ca, or 
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- P trees. If all groups had been given equal amounts of iron, probably its 
total absorption by ~ K, - Mg, or - S trees would have been well below that 
by complete-solution trees. 

All tissues analyzed for iron were washed in weak HCl at the time of 
harvesting the trees. In spite of this treatment, the small roots apparently 
retained large amounts of iron as impurity on the surface of the rootlets. 
The other tissues of the trees were washed very nearly free of iron contami¬ 
nation. 

About May 15 of the second year of starvation, pH readings were made 
on freshly expressed sap from nearly mature leaves of the trees of each of 
the experimental groups. Sap was expressed almost immediately after the 
leaves were picked. The results are as follows (reading by colorimetric 
method): 

f pH 


complete solution . . 4.7 

-K 5.3 

-K + Na 5.0 

Leaves from trees grown in ~Ca ‘‘ . 4.6 

~Mg ‘‘ .... 5.2 

-N 4.8 

-p ‘‘ .5.1 

-S ‘^ . .. . 5.0 


Elemental starvation was more effective in altering the pH of leaf sap 
than were changes in the pH of the culture solution itself. (Trees growing 
in solutions at pH 4 to pH 10 had leaves giving expressed sap of nearly 
identical pH.) At the same time (May 15) all leaves showed absence of 
nitrate ion, in appreciable quantity (by di-phenylamine test), except that 
low magnesium leaves, which though entirely green, showed at least 10-20 
p.p.m. of nitrate in fresh tissue. 

As to the general problems of fruit-tree nutrition and long continued 
growth of trees in water-culture medium, we still have much to learn before 
we can duplicate normal tree growth in fertile soil out-of-doors. Certainly 
aerated solutions are essential for fruit-tree culture work. Livingston has 
shown their desirability even for cultures of the comparatively smaller 
rooted annual plants. Also for maximum fruit-tree growth in water cul¬ 
tures an AZ type of so-lution will be necessary. Haas (3) has recently 
reported that boron particularly is essential for normal growth of citrus 
seedlings. He described the symptoms produced on such trees by the ab¬ 
sence of boron; for example, splitting and corking of the main veins of the 
leaves, together with other effects. 

Much work has been done in the past in starving annual plants for one 
element at a time. A very interesting and little-known field lies open, in 
the study of starvation for two elements at a time, or the study of balance 
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Fig. 14. Distribution of mineral elements among the various parts of French prune 
trees after two years of growth in complete solution (for comparison with figure 13). 


between various ions. Already work has shown that a low-potassium plant 
also requires a low nitrogen supply in order to develop to full maturity and 
fruiting. In the writer’s own experience, wheat plants low in both iron and 
sulphur developed to full maturity very quickly, heading out in normal 
fashion, but on short straw, even though the plants were always partially 
chlorotic. Plants low in both magnesium and iron offer interesting cases 
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Fio. 15. Fe*0, content of various tissues of two-year-old French prune trees starved 
for given elements. 

for study. The phosphorus-iron ratio in relation to the development of 
“bronzing” could well be studied. 

It may be asked here, are we justified in studying such problems as the 
nutrition, elemental starvation, or seasonal absorption of fruit trees, as 
grown in water cultures in the greenhouse, as a means of throwing light on 
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the physiology of trees as they grow in the orchard ? What factors appear 
to govern seasonal nutrient absorption by perennial plants? The salt ab¬ 
sorption by tree roots early in summer is apparently governed by the 
amounts of storage, both organic and inorganic, in the tree; by the supply 
of soluble salts in the soil; by the pH of the soil solution, etc.; by tempera¬ 
ture or light intensity; and by the rate of grovih of both tops and roots. 
The very early growth of the roots (while the top is still dormant) prob¬ 
ably explains the marked absorption of calcium early in the spring, when 
other elements are often actually lost from the roots, or at least are not ab¬ 
sorbed to any extent. 

Later in the season, when the storage supplies within the tree are de¬ 
pleted, the rate and character of absorption depend less on storage material 
but more directly on recent photosynthesis, shoot growth, leaf area, and 
therefore on light and temperature levels. Still later in summer, after ter¬ 
minal shoot growth is over and only diameter increase is proceeding, salt 
absorption is less rapid, and is perhaps not so greatly influenced by recent 
photosynthesis but more by stored food. It may be noted that much of the 
salt absorbed late in summer and in fall is calcium, with some sulphate (and 
in trees in soil, large amounts of silica and chlorides). These materials 
largely go to fill up the leaves, prior to their abscission, and are lost from 
the tree with the fall of the leaves. Consequently the excessive late-season 
absorption of calcium, sulphate, etc., has little importance in the metabolism 
of the woody part of the tree that goes into the winter. 

Certainly the various species of fruit trees do not all make their shoot 
growth at exactly the same period of the summer, and salt absorption seems 
to vary in a similar manner. Young apple trees, especially in the coastal 
districts of California, start growth rather late in the spring, continue ter¬ 
minal shoot growth late into the fall, and hold part of their foliage until 
December, in some years at least. Such trees appear to show a far greater 
late-season absorption of nitrate than do the earlier maturing French prune 
trees, etc., in the same climate. Barker (1) in England reports that most 
of the root growth of apple trees occurs after top growth is over. 

Summary 

1. Starvation symptoms typical for each of the lacking elements were 
produced during the first year of starvation in French prune trees. Foliage 
symptoms were usually most strikingly characteristic and developed first, 
except in the case of calcium starvation, where root trouble is entirely domi¬ 
nant. Only with diflSculty did such trees grow enough to show the leaf 
mottling characteristic of most low-calcium plants. Elemental starvation 
often produced changes in the mineral composition of leaf or bark tissues 
very different from those produced in wood, root, etc. 
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2. Mg starvation resulted not only in a low percentage of Mg in the 
leaves, but a Ca content actually lower than that found in - Ca leaves. Lack 
of Mg also resulted in high N and P in the leaves, very low N and P in the 
trunk wood, and very high ash content throughout the tree, except in leaf 
tissue. 

3. Ca starvation resulted in both low N and low ash throughout the tree, 
except in the wood. Ca stored in the original trunk wood at the beginning 
of the experiment apparently remained there. The main root portion at the 
close of the experiment still showed abundant calcium, although leaf tissue 
had shown only 35 per cent, of normal calcium content. 

4. K starvation resulted in leaf tissue high in N, P, Ca, Mg, and low in 
ash. Entire trunk parts and roots were low in N. 

5. N starvation resulted in a low ash content except in the wood and 
very low N throughout. The young wood was peculiarly high in Ca and 
Mg, and normal in K and P. Young roots were low in Ca and Mg, and high 
in K. Main roots were extremely low in N (equal to 17 per cent, of nor¬ 
mal), low in Mg and P, and high in Ca. 

6 . P starvation resulted in leaf tissue high in ash and N, extremely high 
in Mg and Fe, low in Ca, and P 2 O 5 equal to 28 per cent, of normal. All the 
other parts were decidedly low in N. The roots and trunk were low in Mg. 

7. S starvation resulted in leaf tissue low in N and in ash, and a SO 3 
content equal to 15 per cent, of normal. The young wood was also low in 
N, but the rest of the tree was high in N, the average N content of the tree 
being 1.65 per cent, (dry weight basis), the highest of any group. Sulphur 
starvation decreased potassium absorption and increased absorption of Ca 
and Mg. 

8 . Trees grown in distilled water for two years had, at the conclusion of 
the experiment, a tree average of 30 per cent, normal N (on percentage of 
dry weight); 60 per cent, normal KjO; 71 per cent, normal CaO; 70 per 
cent, normal P 2 O 5 ; and 54 per cent, normal FcjOg. The final dry weight 
was 28 per cent, that of complete-solution trees of the same age. 

9. As regards iron distribution in French prune trees grown in water 
culture, excessive amounts of iron occurred in young wood and in root por¬ 
tions of - K, - K H- Na, - Mg, and - S trees. The iron content of the bark 
was excessive only in cases of P and Ca starvation, in which cases the iron in 
the young wood and main roots was proportionately very low. 

10. It appeared possible that potassium starvation for one year might be 
more detrimental to subsequent growth and absorption than a like period of 
total starvation. 

11. Trees placed in distilled water finally made far better growth of top 
and root than did like trees placed in a nutrient solution containing all the 
usual elements except calcium. Trees placed in a simple solution of calcium 
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hydrate at pH 7.2 made far better growth than did trees in a minus-calcium 
solution. 

12. Trees grown for two years in minus-potassium solutions, and trans¬ 
ferred April 12 of the third year to a plus-potassium solution, responded 
quickly and developed excellent shoot growth and fine leaf color in about 
two weeks. Only a trace of the former chlorosis remained near the midrib 
portions of the leaf blade. Leaf color was obviously improved five days 
after the potassium was added to the culture solution. Later in summer, 
however, the tip leaves of the young shoots of these trees showed excessive 
reddening, then browning or burning, and drying up. The shoot tip itself 
died back 6 to 8 inches. 

13. Other trees, also previously starved for potassium for two years, and 
placed in complete solution cultures on May 15, or on June 25 of the third 
year, showed no shoot growth response whatever to the added potassium. 
Leaf color did change in about 10 to 12 days, however, and the non-scorched 
areas of badly chlorotic, scorched leaves turned green except for small areas 
bordering on the scorched margins of the leaf blade. The roots of these 
trees all responded vigorously to added potassium, quickly making abun¬ 
dant root growth. Apparently it is impossible after about May 1 to stimu¬ 
late shoot growth in these trees by adding potassium. 

14. The pH of the expressed sap of the leaves of the starvation series 
showed that elemental starvation is more effective in altering pH of leaf sap 
than are changes in the pH of the culture solution itself. (Trees growing 
in solution at pH 10 and pH 4 had leaves giving expressed sap of nearly 
identical pH.) Freshly expressed sap taken from nearly mature leaves of 
trees starved for K, S, or Mg showed higher pH readings than did sap from 
complete-solution leaves, 

15. At the same time (May 15) all leaves showed absence of nitrate in 
appreciable quantity, except the low-magnesium leaves, which though en¬ 
tirely green, showed at least 10-20 p.p.m. of nitrate in fresh tissue. 

Univbesitt op Califoenia 
Berkeley, Califoenia 
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DATE OP FLOWERING AS AFFECTED BY CLIMATIC 
TEMPERATURE 
J. F. A. Maclagan 
(with eight figures) 

Introduction 

The investigation reported here is mainly concerned with the effect of 
temperature on the flowering date of a number of genera of woody shrubs. 
Since the reproductive phase of a plant is not independent of its vegeta¬ 
tive phase, and since temperature does not act independently of other 
climatic factors, before considering the special aspect of the problem,—the 
time of onset of the reproductive phase as influenced by temperature,—it 
seems advisable to examine briefly the wider question of how the plant as 
a whole is affected by climatic conditions. 

Influence of climatic factors. —The effect on the plant of climatic 
conditions is not clear-cut. One climatic factor rarely if ever exercises an 
effect independently of other external factors, climatic, soil, etc. The reac¬ 
tion of the plant itself is complex. Climatic factors operate by their in¬ 
fluence on the metabolism of the plant, and the reactions of the various 
metabolic functions are not uniform. These interacting units of the envi¬ 
ronment and tlie plant ^s metabolism affect flowering both as to quantity 
and time. 

The primary effects of these climatic variations express themselves in a 
broader sense in the relationship which exists between the vegetative and 
reproductive phases of the plant. In this broader sense any factor which 
tends to stimulate the development and therefore the continuance of the 
vegetative phase must retard the onset of the reproductive phase. The 
date of first flowering ma^y be regarded as the first marked outward indica¬ 
tion of the onset of the reproductive phase. If this be accepted, then from 
its variation from year to year, any oorrelation which can be established 
between weather and such variation may be taken as evidence of the effect 
of climatic factors on the relationship between the two phases. Actually 
the formation of the first definite flower initial marks the initiation of the 
change from vegetative to reproductive phase. This being so, date of 
flowering is in reality a late indication of this change of phase. No data 
are available on this fundamental point regarding the time when change of 
phase commences. Following initiation of change of phase are many other 
stages in the march of events toward actual flowering. Most significant of 
these steps is the initiation and formation of the actual gametes. It will 
be indicated later that it is at the moment of gamete formation that tem¬ 
perature exerts its maximum effect. 
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Previous work has been concerned mainly with amount of flowering and 
fruit setting in each year, rather than with date of flowering. While the 
quantitative side of flowering is not necessarily affected in the same way as 
time, nevertheless it is related. 

Babker and Lees (2) dealt with the effect of weather on fruit bud 
formation at Long Ashton. What is called good ‘‘ripening’’ or “matur¬ 
ing” of the wood occurs when vegetative growth ceases somewhat early in 
autumn, thus favoring the formation of flower buds (change of phase) 
before winter sets in. The comparatively wet July and August at Long 
Ashton caused active vegetative growth to continue late into the autumn so 
long as the temperature was high enough to favor it, and fruit bud formation 
suffered in consequence. 

Lees (4) in a later paper says: “When the influence of pests, diseases, 
manuring, pruning and stock influence are eliminated, the remaining factors 
of previous crop and summer rainfall determine the future crop in the large 
majority of cases.” 

Influence of temperature. —It must be clearly realized that tempera¬ 
ture, although dealt with here almost as an isolated factor for the purposes 
of this investigation, cannot strictly be separated from the other components 
of the environment. Similarly, time of flowering is influenced not only 
directly by the weather but also indirectly by the other processes taking 
place in the plant. Hence a perfect correlation of temperature with time 
of flower opening is not to be expected, although, as will be shown later, 
temperature is of major importance. 

Previous workers have used the summation of all temperatures above 
an arbitrary datum line over a certain period to express the total amount 
of effective heat incident, and so to determine the dependence of plant devel¬ 
opment on this factor (for example, Livingston 6 , and Palladin 6 ). The 
results arrived at by such a method are unsatisfactory. Temperature above 
a certain point may be non-effective or deleterious; the usually depressant 
or positively injurious effect of frost is ignored; and no allowance is made 
for the physiological effects of change in temperature at different tempera¬ 
ture levels. Simple change of temperature within short periods has been 
shown to have a profound effect on plant development, at least at germi¬ 
nation. 

Flowering date as influenced by temperature. —In the present inves- 
tigation the weather records and flowering records have been compared with 
a view to finding some period or periods of the year when weather has a 
marked and consistent correlation with date of flower opening. Tempera¬ 
ture has been found to exhibit such a correlation. The mechanism through 
which the effect of temperature at particular times operates has been sought 
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principally in the condition of the different parts of the flower bnd, par¬ 
ticularly the sporophylls, at these times. In this regard it is of interest to 
note that Ball (1), quoting Goff as his authority, says in connection with 
the development of the flower buds of the different fruit trees: ‘‘The order 
of development is the same in the different fruits, viz,, first the calyx 
appears, then the petals, stamens, and finally the pistil. AU these parts are 
present before the winter sets in, the ovules and pollen grains not being 
formed until February or March of the following year. There are excep¬ 
tions to this since Goff found that in the gooseberry ovules were generally 
present before the winter set in.’’ Ball found that in the buds of three 
varieties of plum, Victoria, Monarch, and Pond’s seedling, all the flower 
parts were present in November but ovules and pollen grains were not 
usually formed until January or February. 

Whyte (7) makes an illuminating observation in connection with the 
differentiation of floral parts. “The subject of time of reduction does not 
appear to have received much attention in the past, but from observations 
made by the writer on several unrelated genera of flowering plants, it may 
bo said that in all those examined a considerable interval always occurs be¬ 
tween the reduction processes in the pollen mother cells and the megaspore 
mother cells in any given flower. Growth of the female tissues does not 
generally commence until complete tetrads are formed, and pollen has been 
developed for some time before reduction in the ovules. The interval be¬ 
tween the reduction processes is probably governed largely by the amount 
of ovular development in the plant concerned.” 

Coulter and Chamberlain (3) mention the time of formation of the 
microsporangia and megasporangia for species in which the details are 
known. In the case of the microsporangia, different species exhibit con¬ 
siderable variation. They suggest that for those plants whose flowers open 
early in the season the mother-cell stage is the usual winter condition. At 
any rate the interval of time between formation of the archesporium and 
pollination is probably in many cases considerably longer than is generally 
supposed. 

In the winter bud of Quercus velutina the stamens are well formed but 
the tissue is still homogeneous. The microsporangia of Salix glaucophylla, 
Popvlus morvilifera, and Symplocarpus, however, pass the winter in the 
mother-cell stage. A further advance is seen in Alnus glutinosa and 
Corylus americana, whose mid-winter catkins contain pollen ready for shed¬ 
ding, with the generative cell formed. 

The length of time taken for the development of megasporangia is prob¬ 
ably also very variable and related to the seasonal habit of the plant. 
Chamberlain has found that the megaspore mother cell of Salix and 
Populus is not formed until the winter dormancy’' of the plant is over 
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and growth renewed in spring. In Erythronium the mother-cell stage is 
reached by the end of November and persists until early spring. The 
mother-cell stage has been found in Acer rubrum in March, indicating 
that in this species also the mother cell is the condition in which the winter 
is passed. It is to be noted that in Salix and Popidus the microsporangia 
pass the winter in the mother-cell stage, but the megaspore mother cell is 
not formed until spring, a considerable interval of time elapsing between 
the processes of formation in the two classes of spore, male and female. 

Records of data 

The records of flowering dates on which this work is based are those kept 
at the Royal Botanic Garden, Edinburgh (unpublished). The records con¬ 
sist of lists of those plants which came into flower during each week of the 
year. Occasionally the entries have been made at fortnightly intervals in¬ 
stead of at the end of each week, and, sometimes the period has been ex¬ 
tended to three weeks, or even a month. Such extensions are most frequent 
in the case of early spring and late autumn records. The continuity of 
the records has been broken by the war and other causes, but sufiSciently 
complete records are available for the years 1919 to 1929, excluding 1924. 
The temperature records used here are those taken at Edinburgh Univer¬ 
sity and published in the monthly weather reports of the Meteorological 
OflSce, in conjunction with the daily weather records kept at the Royal 
Botanic Garden, Edinburgh (unpublished). 

The data have been organized into graph form, and in each case the 
graph of the yearly flowering date has been plotted in juxtaposition to the 
graph of the significant weather belt or belts.^ The coordinates of the tem¬ 
perature graph are; abscissae, years; and verticals, average temperature of 
significant belt. In the graphs of the date of flowering the abscissae are 
years, and the verticals are the deviation in each year from the average 
date of flowering over the period in question. The graphs are supple¬ 
mented by tables giving in greater detail the data from which the graphs 
have been drawn. 

Consideration of weather data more detailed than monthly averages has 
not been attempted except in a very few instances. Not only the action 
of other external factors, but also the relative lack of accuracy of the flower¬ 
ing records would tend to invalidate any attempt at a finer correlation if a 
more detailed analysis were carried out. 

As might be expected from a general knowledge of the annual peri¬ 
odicity of plants, correlations between weather and flowering date appear 

Weather belt’’ is defined as the weather obtaining over a period of time, from 
one to three months, which by analysis has been found to be significant in causing, by 
its deviation from normal, a deviation from the normal flowering time of each species. 
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most clearly in autumn and spring. As pointed out, many species form 
the flower buds in the autumn of the year previous to their opening. In 
such species ‘‘wood maturation^* will have an important effect on the sub¬ 
sequent year’s flowering. Rainfall is of importance as well as tempera¬ 
ture, since drought causes the cessation of vegetative growth and thus 
allows the reproductive phase to commence. 

As different stages of development are attained in the flower buds of 
different species before winter sets in, and the final stages are accomplished 
when activity recommences in spring, the autumn weather probably affects 
different species to different extents. An almost complete theoretical 
graded series can be erected in connection with degree of development of 
the reproductive phase in different species in winter. 

At one end of the series are species which over-winter with the buds in 
the purely vegetative condition, no attempt at differentiation being made. 
Perennials of this nature must be only a single stage more complicated in 
their weather response than annuals. While the weather prior to winter 
may affect their physiological state and therefore presumably their subse¬ 
quent flowering, it will be the weather of the spring (and summer) imme¬ 
diately prior to flowering which will be significant. 

The next stage in the series is that of perennials which proceed to differ¬ 
entiation of buds prior to the onset of winter, but which cease differentia¬ 
tion at some stage before reduction and spore formation. Such plants 
over-winter with two classes of buds, leaf buds and incipient flower buds. 
The weather prior to over-wintering must affect such differentiation and 
therefore flower production in the following year. Ho-w far this is signifi¬ 
cant cannot be stated. Gardeners believe that a plant with formed flower 
buds can be, by appropriate manipulation of external factors in early 
spring, induced to change its “intentions,” in so far that the flower buds 
do not produce flowers but return to vegetative growth. Such reversal 
might be possible in plants of the class falling into this grade, but it does 
not seem possible for plants of the next grade, which is that of perennials 
that over-winter with flower buds so differentiated that the sporophylls 
have assumed their definite character. A slightly more advanced stage is 
that when not only are the sporophylls definite in character, but the spores 
and gametes, at least on the microspore side, are definitely formed. 

In perennials of the first class, autumn weather can have comparatively 
little effect on date of flowering in the following year. In those of suc¬ 
ceeding classes, the weather of the autumn preceding any flowering year 
gains increasing importance as we ascend the series. In essence the state¬ 
ment may be made that, where the species proceeds in its development to a 
somewhat advanced stage of the reproductive phase before entering the 
winter dormant period, a significant weather belt must exist in the autumn 
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prior to the flowering year. Furthermore, as has already been indicated 
from the literature, and as will be shown in actual cases later, since the 
change of phase usually occurs in two steps (male development prior to 
over-wintering and development subsequent to over-wintering), two sig- 
niflcant weather belts may exist. The weather belts coincide with the time 
of the respective steps in development. In the case of those plants which 
over-winter entirdy in the vegetative phase, one major weather belt may 
be looked for in spring prior to flowering. Finally, the actual process of 
bud bursting and flower opening in all species must be conditioned to some 
extent by weather, and therefore another type of weather belt may be 
expected. The effect of frost on the opening buds is especially significant, 
more from the point of view of the records. The gardener observer, seeing 
frost-blasted buds, would probably not record the plant as having flowered, 
but would wait for a second crop of buds to open before entering the plant 
into the records. Three main significant weather belts may therefore be 
envisaged: (1) a belt occurring in autumn after one year’s flowers have 
fallen, and far removed in time from the next flower opening, called here 
the distal belt; (2) another belt occurring in spring or early summer, 
nearer in time to date of flowering, called here the proximal belt; and 
(3) the weather just at or about flowering time, called here the imme- 
diata belt. 

Soon after the work was commenced it was realized that, owing to the 
method of compiling the flowering records at intervals of a week or more, 
the experimental error in dealing with single species might be so large as 
to obscure the clear outlines. Consequently the genus was taken as the 
unit for comparison in order to establish the general rules governing its 
behavior if such existed. Only those species in each genus which were com¬ 
pletely recorded were considered and incorporated. While it was felt that 
the members of a genus were related sufficiently closely to be thus dealt 
with as a unit, the possibility of single species showing individuality has 
not been lost sight of, and these are detailed when they occur. 

While in general the results obtained point to temperature as a master 
factor in flower bud development, particular cases often cannot be explained 
on this basis. This is to be expected, however, in view of the fact that other 
factors come into play and may have a modifying, and sometimes an over¬ 
riding, effect. For example, rainfall would affect the nitrate content of 
the soil and thus (or even by modified water supply) affect the inter¬ 
relationship between the vegetative and reproductive phases. Internal 
factors may also have a potent, although less easily defined, influence. For 
example, it is generally accepted that a year of profuse flowering is followed 
in the subsequent year by a paucity of flowers, an effect which seems to 
bold despite favorable external conditions in the second year. The ques- 
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tion of characters of a genetical nature cannot be considered here, and in 
any case the clear lines of their possible effect are blurred by the nature 
of the records. Further, the question of imposed rhythm might be perti¬ 
nent, but the fact that the records of most species used are of long standing 
militates against this. 

Presentation of data 

Bhododendrojn 

It was realized at the commencement of the analysis that ^‘maturation 
of the wood^^ in autumn is an important feature of this genus. A com¬ 
parison of the autumn conditions, however, failed to show any correlation 
with time of flowering. On further study of the records it became clear 
that a weather belt occurs rather earlier in the year, about one to two 
montlis after flowering, which can be correlated with date of flowering in 
the following year. Unpublished data supplied by Miss F. B. Murray to 
the effect that the formation of pollen in the next yearns flower buds may 
reach an advanced stage in development at a comparatively early date, 
within some two months after flower fall, strengthens this assumption, espe¬ 
cially in view of the graded series already indicated. A striking case is 
seen in Rhododendron souUei, which in 1930 came into flower in the first 
week of June, and had flower buds with pollen formed by the first week 
of July. 

As the species of Rhododendron considered here flower over a period of 
five months (February to June), the distal weather belt is not the same for 
all; hence the genus has been divided into three groups according to the 
time of flowering of the species. Each group consists of species which on 
the average flower practically together. 

While the temperature at this distal weather belt showed a decided influ¬ 
ence on time of flowering, it was found that in all species the correlation 
failed to hold in the years 1922 and 1923. This was accounted for when a 
proximal weather belt was taken into consideration. The average tempera¬ 
ture of the subsequent January-March period was found to provide an 
explanation of these aberrations when it emerged as the proximal weather 
belt. Cytological evidence again supported the contention, for though the 
poUen may reach an advanced stage in the autumn, the development of the 
ovary does not take place until the spring. Indeed, reduction division may 
not take place until a very short time before flowering (unpublished data 
by Miss Murray). 

Graphs are presented to illustrate this combined effect on time of flower¬ 
ing of the temperature at two different periods. In each group of species 
the most fully recorded species has been chosen to represent the group. In 
the graph of temperature for the distal belt, 1918 temperature has been 



402 


PLANT PHYSIOLOGY 


plotted on the same vertical as flowering for 1919, and so on, in order to 
facilitate direct comparison. 

In addition to the graphs, tables are appended giving the complete data 
for all members of each group. 

Table of RironoDENDRoy species 
Species Average flowering date 

Group I: 

R. larhatum . February 28 

Group II: 

B. metternichii .March 23 

B, ciliatum .March 28 

Group III: 

B. schlippenhachii . . . April 29 

B, vaseyi . May 4 

B. roylei ... May 10 

B. decorum .. . May 11 

B, smirnomi ... May 20 

Group I: Species flowering in February 

Although only one species falls into this group, its agreement with the 
general behavior of the genus seems to justify its inclusion. 

The distal temperature belt is April/May, the proximal temperature 
belt January/February. Figure 1 and table I refer to this group. 

Comparing first the graplis of flowering time (fig. Elc) and April-May 
temperature of the preceding year (fig. Rla), it will be seen that, in gen¬ 
eral, high temperature corresponds to early and low temperature to late 
flowering, although this belt is separated from the actual flowering date by 
nearly nine months. In this species, however, as in most other species of 
the genus, in the years 1922 and 1923 the reverse was true, that is, flowering 
in 1922 was late and in 1923 early, while the temperature of the distal belt 
in 1921 was high and in 1922 low. Again in the year 1919 flowering was 
very late although temperature of the distal belt was average. Comparing 
the temperature graphs of the distal and proximal belts (fig. Rla and Rib), 
it will be seen that they agree except in those years of aberration 1919,1922, 
and 1923. In other words, the proximal temperature had an overriding 
effect in these years. The extremely cold spring (proximal belt) of 1919 
caused flowering to be late in that year, in spite of average warmth in the 
distal belt (April-May, 1918). The cold spring of 1922 had the same 
effect, and the comparatively warm spring (proximal belt) of 1923 made 
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floworing early in that year in spite of the less-than-average temperature 
of tile previous April-May (distal belt). 


TABLE I 
Bhododendbon, Geoup I 


Year 

or 

FLOWERING 

Average temperature 

S, BARBATVM 

Distal 

(April-Mat) 

Proximal 

( January-Febbuaet ) 

Date 

OP 

flowering 

Deviation 

FROM 

average 

1919 . .. 

48.20 

37.05 

Apr. 5 

+ 35.0 

1920 

49.35 

41.75 

Feb. 14 

-14.0 

1921 

48.30 

42.50 

Mar. 5 

+ 5.0 

1922 . . 

49.70 

39.20 

Mar. 11 

+ 11.0 

1923 

47.05 

41.90 

1 

Feb. 10 

-18.0 

1925 

47.00 

41.50 

Mar. 7* 

+ 3.5 

1926 . 

47.65 

42.60 1 

Feb. 20 

- 8.0 

1927 

48.70 

40.60 

i Feb. 5 

-23.0 

1928 

46.95 

41.40 

Mar. 3 

+ 0.5 

1929 

j 47.50 

36.00 




* Becord made at end of a fortnight. 


Group II: Species flowering in March 

For tliis group the distal temperature belt is June, the proximal tem¬ 
perature belt January/March. Figure 2 and table II refer to this group. 

For comparison of flowering date and weather, B. metternichii has been 
adopted as an example and its graph drawn. If the graphs of flgure E2a 
(distal belt), R2b (proximal belt), and E2c (flowering curve) are compared, 
it will appear that here as in group I the correlation of flowering with distal 
temperature (in this case June) holds except in the years 1919, 1922, and 
1923; and as in the case of group I, this is clearly accounted for by the tem¬ 
perature which obtained in the proximal belt affecting these years. 

Group III: Species flowering in April and May 

The distal temperature belt affecting this group is June/July, and the 
proximal temperature belt is January/March. Figure 3 and table III 
refer to this group. 

B, vaseyi has been chosen to exemplify this group, and graphed for pur¬ 
poses of comparison with the temperature belts. Figures R3a (distal tern- 
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TABLE II 

Shododendbon, Group II 


Year 

OP 

FLOWERING 

Average temperature 

R. METTBBNIOHII 

i R. OILIATUM 

Distal 

(June) 

Proximal 

(January- 

March) 

Date 

OP 

FLOWERING 

Deviation 

FROM 

AVERAGE 

Date 

OP 

FLOWERING 

Deviation 

FROM 

AVERAGE 

1919 

55.7 

37.1 

Apr. 19 

+ 26.0 

Apr. 19 

+ 21.0 

1920 . . 

56.2 

42.5 

Mar. 6 

- 3.0 

Mar. 20 

- 8.0 

1921 

55.9 

43.2 

Mar. 19 

+ 3.0 

Mar. 26 

- 2.0 

1922 

57.0 

39.5 

Apr. 8 

+ 22.0 

Apr. 15 

+ 17.0 

1923 

55.2 

42.9 

Mar. 10 

-13.0 

Mar. 10 

-18.0 

1925 

56.2 

41.6 

Apr. 4* 

+ 7.5 

May 2t 


1926 

57.9 

42.9 

Mar. 13 

-10.0 

Mar. 13 

-15.0 

1927 

56.3 

42.0 

Mar. 19 

- 4.0 

Mar. 19 

- 9.0 

1928 

52.6 

41.3 

Apr. 7* 

+ 10.5 

Apr. 7* 

+ 5.5 

1929 

52.9 

38.9 

1 





* Record made at end of a fortnight, 
t Record made at end of three weeks. 


perature), R3b (proximal temperature), and R3c (flowering date) show 
the same features as the graphs for groups I and II. 

CYTISVff 

This genus provides a contrast to Rhododendron, for in the case of 
Cytisus no distal temperature belt affecting time of flowering could be 
discovered. An examination of the flower buds of a number of species 
was made toward the end of February and no pollen was found. If, as 
seems likely, the flower bud passes the winter with the stamens and ovary 
in an undifferentiated condition, it is not to be expected that the autumn 
weather will have any marked effect on time of flowering. Thus in Cytisus 
no distal weather belt will occur. 

Table of Cytisus species 
Species Avebaqe flowering bate 

C. kewensis .April 20 

C. beami . April 21 

C. ardoinii .April 21 

C. biflorws . April 29 

C. purgans .May 7 
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C. demmiens . 

May 

8 

C. hirsuius . 

May 

12 

(7. alius . 

. May 

13 

0. hornifloms . 

. ... May 

15 

C, versicolor . 

. . May 

17 

C. glabrescens .. . 

. . . May 

21 

C. purpureus incarnatus . 

May 

22 

C. scoparius . . . 

. . May 

23 

C. scoparius prostratus . . . 

May 

23 

C. scoparius andreanus 

. May 

26 

(7. purpureus alius . 

May 

28 

C, sessifolius ... 

. . . May 

29 


CYTJSUSy ALL SPECIES 

The data show the month of March as the period during which tempera¬ 
ture exercises its particular influence. Figure 4 illustrates this point. 
Figure 4, Cla, shows March temperature, and Clb is a composite graph for 
seventeen species of Cytisus. This composite graph is compounded from 
the average of the figures representing the deviations from the average 
flowering date shown in each year by each of the seventeen species. The 
figures for each individual species are given in table IV, columns 3 to 36; 
and the figures derived from these, from which the composite graph has 
been drawn, are shown in the last column of the same table. In finding the 
average for 1920, the figure for C, hornifiorus has been ignored, since if it 
were included its enormous deviation (-70) would give the average a false 
value. The two curves a and 6 show a remarkably close correlation, except 
that in the years 1923, 1927, and 1929 flowering was rather late. These 
deviations will be explained later by a more detailed consideration. Fol¬ 
lowing these is a graph (fig. 4, Clc) for a single species, Cyiisus heanii, 
which shows a remarkably perfect correlation with the temperature curve. 
As will be seen in table IV, the other species behave in the same way with 
minor deviations. 

Cytisus as a whole seems to be rather an unstable genus, or perhaps 
easily affected by external conditions not evaluated here. There are a 
number of aberrations occurring in single species for which an explanation 
cannot be attempted. Such aberrations are very marked in the year 1929, 
and are the cause of lack of correlation between the composite graph (fig. 4, 
Clb) and the March temperature graph (fig. 4, Cla) in that year. 

While the data do not permit explanation of these minor departures 
from the rule, two major departures may be accounted for on the general 
thesis developed here. These two deviations are seen, one in 1923 and the 
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other in 1927. In 1923 three species, C. albus, C. horniflorus, and C, 
glabrescens, differed from the others in flowering very late. 

Species Average plowering date Flowering date in 1923 

C, albus . May 13 June 2 

(7. horniflorus . May 15 June 23 

C. glabrescens . . May 21 June 16 

This is illustrated in figure 5, 

In 1927 other three species, C, decumbens, C, versicolor, and C, sco- 
parvus, flowered later than their fellows. 


Species Average flowering date Flowering date in 1927 

C. decumbens . May 8 May 28 

C. versicolor . . May 17 May 28 

C. scoparius May 23 June 4 


This is illustrated in figure 6. 

Those species which were retarded in 1923 are the reason for the lack 
of correlation exhibited by the composite graph of the genus in 1923, and 
similarly those species which were retarded in 1927 explain the lack of cor¬ 
relation of the composite graph in 1927. This is illustrated in table V, 
where alongside the composite figures for all seventeen species (column A) 
are seen two sets of composite figures for fourteen species (columns B and 
C), where in one case the three species which were late in 1923, and in the 
other case the three species which were late in 1927, have been omitted. It 
will be seen that these columns (B and C) show their greatest deviation 
from column A in 1923 and 1927 respectively. If the figure in column A 
is replaced in 1923 by the figure in column B, and in 1927 by the figure in 
column C, the disturbing influence of these retardations, caused, as will be 
seen later, by cold spells, will be eliminated, and the A figures will be seen 
to fluctuate in accordance with the March temperature in a much more con¬ 
sistent manner. 

The retardations of these species are examples of the effect of cold 
weather just at time of flowering (immediate temperature belt). In 1923 
a cold spell set in on May 9 and lasted until the end of the month. The 
average temperature for May in that year was 47.5° F., several degrees 
below the usual May temperature. In 1927, in the last week of April, there 
were severe ground frosts, sufficient to retard flowering. The grass mini¬ 
mum temperatures recorded at the Royal Botanic Garden, Edinburgh, for 
this period are: 
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C. versicolor, and C. scoparius (C3b), 1919-1929. 


®F. 


April 26 . 23 

April 27. 18 

April 28. 14.5 

April 29. 21 

April 30. 24 

May 1. 29 
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Cytisvs 

DATE OF FLOWEBING: B, DEVIATION FROM AVERAGE DATE OF FLOWISING 
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Considering these data as a whole, it is clear that in Cytisus there are 
two belts of weather (proximal and immediate) during which temperature 
affects date of flowering. The mechanism through which the temperature 
operates is not precisely known, and must await a cytological investigation. 
It may be that the two periods synchronize with spore differentiation; the 
earlier period with microspore development, and the later with megaspore 
production. This implies the existence of a time interval between the two 
processes which remains to be proved. On the face of the data, it seems 
likely that there is no definite cessation of activity at an intermediate point, 
but rather that the two processes are continuous, the one following 
the other without a definite interval; but that this extended period offers 
an extended time for temperature to operate, similar in aggregate length 
to that in the species showing two definite periods of spore differentiation 
activity, and that within this aggregate period the temperature may 
influence the two significant processes. The fact that the sharp lines of 
spore differentiation activity are in this way somewhat blurred accounts 
for the apparently fickle nature of the genus as a whole. 

TABLE V 

CyTisvs 

A, AVERAGE or DEVIATIONS OF ALL 17 SPECIES FOR YEAR IN QUESTION; B, AVERAGE 
OP DEVIATIONS OF ALL SPECIES EXCEPT THOSE LATE IN 1923 (C. ALEV8 ^ C. BOBNIFLORVB, C. 
OLABREBCENS) FOR YEAR IN QUESTION; C, AVERAGE OF DEVIATIONS OF ALL SPECIES EXCEPT 
THOSE LATE IN 1927 (C. DECVMBENS , C. VERSICOLOR , C. SCOPARIVS ) FOR YEAR IN QUESTION. 


Year 

OF 

FLOWERING 

Average 

TEMPFJRATURE 

(March) 

A 

B 

C 

1919 

37.1 

+ 8.25 

+ 9.50(1.25)* 

i + 7.75(0.5) 

1920 

44.0 

- 5.75 

- 5.00(0.75) 

- 7.00(1.25) 

1921 

44.5 

I -13.00 

-12.75(0.25) 

-14.00(1.0) 

1922 

40,0 i 

! +10.60 

+ 10.00(0.5) 

+ 12.00(1.5) 

1923 

44.0 ' 

' 0.00 

- 6.25(6.25) 

+ 1.50(1.5) 

1925 

41.7 

! + 8.00 

+ 7.00(1.0) 

+ 8.75(0.75) 

1926 

43.5 

-10.00 

- 9.00(1.0) 

- 9.00(1.0) 

1927 

44.7 

+ 2.00 

+ 4.00(2.0) 

- 1.00(3.0) 

1928 

41.2 

4- 6.50 

+ 5.50(1.0) 

+ 7.50(1.0) 

1929 

44.8 

+ 4.00 

+ 3.00(1.0) 

+ 5.25(1.25) 


* Figures in brackets indicate difference between this value and the value for A. 


Stbinqa 

When the table of deviations from average flowering date for this genus 
was drawn up, it showed a high degree of consistency for the genus as a 
whole. As in Cytisus, no distal temperature belt was discernible, neither 



416 


PLANT PHYSIOLOGY 


at first glance could a satisfactory proximal belt be found. The explana¬ 
tion was discovered in the marked overriding effect of the temperature at 
time of flowering (immediate temperature belt). When this belt was taken 
into consideration, Syringa was found to be governed, like Cytisus, by a 
proximal temperature belt in March, overridden by immediate temperature 
belts in April and May. Hence, although not at first evident, Syringa and 
Cytisus are very similar, although the immediate temperature belt has a 
more marked effect on Syringa than on Cytisus. 

The twelve species of Syringa here considered fall into two classes ac¬ 
cording to their average time of flowering, hence in considering the genus 
two immediate temperature belts must be taken into account. The two 
species which have average flowering dates about the end of April/begin¬ 
ning of May {S. villosa var. giraldii and S. pinnaiifolia) are governed by 
an immediate temperature belt in April. The other ten species, with aver¬ 
age flowering dates at the end of May/beginning of June, are governed by 
an immediate temperature belt in May. 

Table op Syminga species 
Species Average elowerinq date 

Group I: 


S. villosa giraldii ... 

. . April 22 

S. pinnatifolia . 

.. .. May 4 

Group II: 


S. vulgaris . 

May 24 

S. vulgaris alba 

May 25 

S. persica . 

. .. . May 25 

S. villosa lutece . 

. June 1 

S. villosa . . . 

June 1 

S. reflexa . 

. June 6 

S. yunnanensis 

... June 10 

S. adamiana . 

June 13 

S. emodii .. ... 

June 17 

S. emodii variegata . 

. June 25 


Group I: Species flow^ering in late April and early May 

For these species March is the proximal temperature belt, and April the 
immediate temperature belt. Figure 7 and table VI refer to this group. 

Examining figure 7, it will be seen that the curves of S. villosa var. 
giraldii and S. pmnatifolia (Sic), excluding S. pinnatifolia in 1923, follow 
the March temperature curve Sla rather consistently, the most significant 
deviations occurring in 1927 and 1929. Time of flowering in 1927, and 
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more especially in 1929, was later than might be expected from the high 
temperature during March in those years. This is accounted for by the 
overriding effect of the April temperature (immediate belt), which in 1927 
was average and in 1929 low. The only other years in which the April 
temperature curve (Sib) deviates from the March temperature curve 
(Sla) are 1919 and 1923. Comparison with the curve of flowering time 
(Sic) shows that in the former year April temperature has slightly modi¬ 
fied the effect of March temperature. A point of more interest is the effect 
of the temperature in April, 1923, which was slightly below average. Ap¬ 
parently it had no effect on S. villosa var. giraldn, and a disproportionately 
powerful effect on 8. pinnaiifolia. A more detailed study of the weather 
conditions during April and May supplies the explanation. The tempera¬ 
ture during the early part of April, although somewhat low, was not suffi¬ 
ciently low to retard the earlier flowering species 8 . villosa var. giraldii, 
which in consequence of a warm March flowered by April 14. Subsequent 
sharp frosts on April 15, 18, 27, and 28 checked 8. pinnatifolia and held 
up its flowering so that it came under the influence of an extremely cold 
period which set in on May 9. Thus 8. pinnatifolia in 1923 was four weeks 
late in flowering, and in this year should really rank as one of the later- 
flowering group M’itli an immediate temperature belt in May. 


TABLE VI 

SrnimAj Group I 


Year 

or 

FLOWERING 

Average tempera¬ 
ture 

S , VILLOSA 

01 BALD II 

S , PimATIFOLIA 

March 

April 

Date or 

FLOWERING 

Deviation 

FROM 

AVERAGE 

Date or 
flowering 

Deviation 

prom 

AVERAGE 

1919 

37.1 

45.3 

May 10 

+ 18 

May 17 

+ 13 

1920. 

44.0 

45.2 

Apr. 10 

-12 

Apr. 10 

-24 

1921 . . . 

44.5 

46.8 

Apr. 9 

-13 

Apr. 16 

-18 

1922 . 

40.0 

41.7 

May 13 

+ 21 

May 20 

+ 16 

1923 

44.0 

44.3 

Apr. 14 

- 8 

June 2 

+ 29 

1925 

41.7 

44.3 

May 2 

+ 10 

May 25 

+ 21 

1926 

43.5 

48.1 

Apr. 3 

-19 

Apr. 3 

-31 

1927 

44.7 

45.4 

Apr. 16 

- 6 

Apr. 16 

-18 

1928 

41.2 

45.9 

Apr. 28 

+ 6 

Apr. 28 

- 6 

1929 . . 

I 44.8 

1 

43.5 



May 18 

+ 14 


Group II: Species flowering in late May and June 

Here the proximal temperature belt is March and the immediate tem¬ 
perature belt May. Figure 8 and table VII refer to this group. 
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SnuNOA , Group II 

DATE OP rLOWEBINQ; B, DEVIATIOH' FROM AVERAGE DATE OF FLOWEBIKO 


◄ 




M!ord made at end of a fortnight, 
icord made at end of three weeks. 
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The composite graph of these ten later-flowering species (fig. 8, S2c) 
corresponds with the curve of March temperature (S2a); that is, of the 
proximal belt, except in 1923 and 1927. In 1923, March temperature was 
high but flowering was very late. In 1927, March temperature was also 
high, and flowering was again rather late. The graph of May temperature 
(S2b); that is, of tlie immediate belt, shows that the two lowest tempera¬ 
ture records for that month occurred in the years 1923 and 1927, and may 
reasonably be taken to account for the deviations. In 1919, May tempera¬ 
ture has modified but not overridden the effect of March temperajture. 

It must be noted that in 1926 there is indicated (fig. 8, S2c) a diversity 
in the behavior of the different species. With the available data it is not 
desirable to attempt to account for these, although the explanation offered 
in the case of Cytisus might be considered, namely, that a continuous ad¬ 
vance of development through all the stages of spore formation exposes the 
plant for a longer time to action by external factors; and further, that at 
any ^‘moment’’ in time the process will be more or less reactive to ‘‘mo¬ 
mentary’’ fluctuations of the external factor. By momentary here is 
meant rather a short period, of one or two days at most. 

Discussion 

The foregoing data seem to indicate that the species of Bhododendron^ 
Cytisus, and Syringa under consideration are affected as regards their date 
of flowering by the temperature at certain specified times during the year. 
Wliile one species may in any particular year deviate from the general be¬ 
havior of the natural group into which it falls here, nevertheless when all 
species are considered they show over a period of ten years a significantly 
consistent response to the temperature of distal and proximal, or proximal 
and immediate, weather belts. 

It would seem that lower temperatures, obtaining during these signifi¬ 
cant though sometimes remote periods, delay the opening of flower buds; 
and conversely higher temperatures obtaining during the same periods in 
other years induce earlier flowering. The comparatively narrow belts of 
time during which deviations of temperature may be significant in inducing 
these effects are believed to synchronize with activity in spore formation in 
the plant. In other words, higher temperatures, occurring when there is 
activity in spore formation, lead to earlier flower burst; and lower tempera¬ 
tures, occurring at the same point, lead to later flower burst. The detailed 
mechanism through which such an effect may be brought about is deep 
seated and obscure. It would seem adequate simply to regard the higher 
temperatures as expediting the reactions involved in meiotic and pre- 
meiotic cell division; and there is no doubt that this must in large part be 
true. 
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It is a matter of common observation and frequent record that different 
species of plants develop generally in definitely different temperature 
ranges, some plants requiring for normal growth an environment with a 
higher temperature range than others. Again some plants are more par¬ 
ticular and demand a narrower range of temperature; and exposure to 
temperature below a minimum, higher than the minimum of other more 
‘‘hardy'’ species, inhibits development and even causes death. These 
specific demands are, as has been said, well known although not well under¬ 
stood, and may be taken as the factor which conditions the “average” 
fiowering date of different species. 

Furthermore, the temperature demands of different organs of any one 
plant are not the same. In the great majority of cases in the annual history 
of the flowering plant vegetative activity occurs first in time, and usually 
at temperatures lower than will occur subsequently. The vegetative ac¬ 
tivity is followed by the change to reproductive phase, the change of phase 
being synchronized with onset of higher temperatures, so that in a scale of 
rising temperatures the reproductive phase comes as a culmination to the 
activity of the plant. Reverse cases are known, as for example Tussilago 
far far a, in which the reproductive phase is synchronized with the earlier 
period of lower temperatures, and flowering precedes vegetative activity. 
It may be that in the onset of the reproductive phase in such a genus as 
Rhododendron, where microspore and megaspore development take place 
in summer and spring respectively, this activity is dependent on tempera¬ 
ture of narrow range, and may be inhibited, especially in the earlier flower¬ 
ing species, by higher as well as by lower temperatures. 

While stress has been laid here on the connection between temperature 
belts and spore formation, it is not overlooked that the metabolic complex 
culminating in general development may be the fundamental cause of the 
fluctuations. It is significant that the localization in time has been related 
to a definite step in development. 

Summary 

Analyses of records on the date of flowering of various members of dif¬ 
ferent genera at the Royal Botanic Garden, Edinburgh, show the following 
points : 

1. The actual date of flowering of any species in any one year may vary 
from the average date. 

2. Such aberration is referable to the temperatures obtaining during 
narrow belts of time. 

3. These belts of time vary between genera as to the remoteness from the 
actual date of flowering, and here are referred to the periods of activity in 
gamete formation. 
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EFFECT OF FREQUENT CLIPPING ON THE DEVELOPMENT OP 
CERTAIN GRASS SEEDLINGS 
Joseph H. Bobebtson 
(with ten figures) 

Introduction 

The study reported here deals with the effects of the removal of tops 
upon the development of various species of grass seedlings. Not only the 
establishment but also the yield and nutritive value of range and pasture 
grasses are dependent to a great extent upon the manner and frequency 
with which the tops are removed. Winter-killing and lowered vitality, 
with attendant decreased yield, result from improper utilization of the 
herbage. In native pastures and range lands, undesirable species increase 
when there is early grazing and overstocking (8). Although the relation 
of harvesting practices to the development of grassland is known in a gen¬ 
eral way from observation, and more definitely for a few species from ex¬ 
periment, there is still a definite need for further experimental work. 

Geaber (7) has shown that frequent removal of tops limits root devel¬ 
opment. This in turn may lessen drought resistance and absorptive 
capacity, and result in increased injury from low temperature and insects. 
Since most of the foods used as reserves in roots are synthesized above 
ground, frequent harvesting necessarily limits these reserves. Internal 
food reserves as well as a supply of nutrients are factors in productivity. 
In addition, frequent removal of tops promotes a deficiency of nitrogen in 
the soil (7). 

Dicotyledonous plants are similarly weakened by too early or too fre¬ 
quent harve.sting. Pruning reduces the root spread of almond trees (3). 
Cutting of immature alfalfa increases invasion of weeds and may cause 
winter-killing. The specific gravity of alfalfa roots decreases slightly after 
each cutting. Cutting when the plants are mature gives more reserve food 
and higher yield with less winter-killing and a longer life of crop, whether 
grass or alfalfa (1). Sampson and Malmsten (16) found that harvesting 
range grasses twice each season increased the yield with but slight injury 
to the roots. Yield tends to vary inversely with frequency of clipping in 
bluestem pastures of Kansas. Disappearance of valuable species is pro¬ 
portional to frequency of cutting. The higher nutritive value gained from 
frequent harvesting does not compensate for loss in yield (2). The dele¬ 
terious effect of frequent cutting may be offset partially by cutting the 
plants at a greater height above the ground (2, 9, 18). Reseeding of west¬ 
ern range land is successful only when grazing is delayed until late in the 
season. 
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Woodman, Norman, and French (20) found that the nutritive value 
of pasture herbage, under fertilization and abundant rainfall, is indepen¬ 
dent of cutting periods. Increased carrying capacity, under rotational 
grazing as compared with continuous grazing, was in the ratio of 3:2. 

Many of the trials made recently show that the behavior of grasses fol¬ 
lowing clipping is largely influenced by diminished food reserves and re¬ 
tarded development of roots. Normal root growth is rhythmic and, on the 
basis of dry weight, may be plotted as a series of Sachs grand-period-of- 
growth curves (15). This rhythm is disturbed on removal of tops. 

Any dwarfing in the root system of a seedling may be regarded as seri¬ 
ous. When the water relation is controlling, the fate of a seedling often 
depends upon its ability to develop an adequate root system. Under com¬ 
petition an added inch of growth underground may enable the plant to 
overtop its neighbors, the result often being the difference between survival 
and death. Extent of roots, rate of growth, and degree of tillering all are 
closely correlated (19). Seedlings of grasses are susceptible to injury 
from drought, erosion, and trampling, and their resistance to these is due 
in a great measure to the development of an adequate root system. Plants 
with larger root systems, either in soil or water cultures, produce more till¬ 
ers upon addition of nitrogen than do those with smaller roots (6). Jack- 
son (10) found that nodal roots are always present at the beginning of 
tillering in barley. In general, higher yielding species of grasses have 
heavier root systems (17). 

There is almost unanimous agreement that the best development of roots 
and tops goes hand in hand. An exceptional finding is that of Laird (12), 
who states tliat ‘‘the largest and deepest root systems of sod-forming grasses 
are not necessarily associated with the best and most vigorous top growth. 
Mowing of Centipede and Bermuda grasses increased the root growth^’ as 
measured by dry weight. Stapledon and Beddow^s (17) compared the 
yield of normal plants with the bulk of their individual root systems and 
found no definite correlation. 

According to Parker and Sampson (13), frequent cutting produces 
measurable effects upon anatomical structure. Diameters of both root and 
stele as well as the number of ducts were decreased as a result of clipping. 
Similar results have recently been obtained by Biswell (4). 

Experimentation 

The seeds of four native prairie grasses were used. They were blue- 
grass {Poa pratensis), blue grama grass {Bouteloua gracilis), June grass 
(Koeleria cristata), and needle grass (Stipa spartea). The seeds were col¬ 
lected at maturity near Lincoln, Nebraska, in 1931. Seeds of Hungarian 
brome grass (Bromus inermis) and Sudan grass {Holcus sorghum sudanen- 
sis), both exotic pasture grasses, were purchased at a local seed store. 
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The soil used was fertile loess having a hygroscopic coefficient of 8.9 
per cent., a humus content of 7.6 per cent., and a circumneutral reaction. 
After screening the soil, sufficient water was added to increase its moisture 
content to about 30 per cent., which was approximately optimum for 
growth. 

Forty-eight galvanized iron containers were used, ranging from 8 to 24 
inches in depth and from 16 to 72 square inches in cross-sectional area. 
They were filled on October 16, the soil being uniformly compacted in all. 
Seeds of each of the six species of grasses were then planted, eight contain¬ 
ers being used for each species. Four containers for each species were 
labeled 1, 2, 3, and 4, and the four remaining ones lA, 2A, etc. The shal¬ 
lower containers were used for the plants that were to be grown only a few 
weeks; the deeper ones for the longer periods of growth. Thus the plants 
had, with few exceptions, ample room for normal depth of root develop¬ 
ment. The weight of each filled container was recorded. 

With the exception of those with bluegrass, the containers were kept 
covered for six days following planting. Light sprinkling for a period of 
ten days insured rapid germination. Seven days after planting, the con¬ 
tainers were restored to the original weight by adding water, and the 
heights of the seedlings w^ere measured. This was repeated every seventh 
day during the experiment. The containers were also turned and shifted 
at these times to insure equal reception of light. 

When a good stand was assured, brome grass and grama grass were 
thinned to 25 plants per container; bluegrass and June grass to 50 plants; 
and the coarser Sudan grass and needle grass to 12 plants. 

Since the work was done during wdnter, sunlight was supplemented by 
two 150-watt electric lights. They were mounted in 15-inch white enam¬ 
eled reflectors suspended 3 feet above the tops of the containers. These 
lights were employed from 5: 30 p. m. to 8:00 p. m., October 23 to Febru¬ 
ary 18. In addition, they were used during cloudy weather. Measure¬ 
ments of light intensity, taken on January 17 at 12:00 m. with a Weston 
photronic cell and milliammeter, gave a ratio for outdoor direct sunlight 
to sunlight in the greenhouse of 7: 6. The ratio for artificial light at 8: 00 
p. M. to sunlight at noon in the greenhouse was 1:15 directly under the 
reflector and 1:90 at the tops of the containers farthest from the source 
of light. 

It w^as decided that under the conditions of this experiment, grazing 
could be represented best by removing the tops of the grasses by clipping. 
Accordingly, when each species reached a height suitable for grazing, the 
plants in containers labeled lA, 2A, etc., were clipped. Sudan grass was 
clipped 3 cm. above the soil surface and the other grasses 1.5 cm. The 
tops were placed in weighing bottles and dried in an electric oven for 24 
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hours at 75® C. After being cooled in a desiccator they were weighed to 
the nearest 0.01 gm. 

When the clipped plants had again reached sufficient height for graz¬ 
ing, tillers were counted and the tops again removed and weighed. This 
was also done with the undipped plants of each species in containers no. 1. 
The soil was then carefully washed away from the roots in containers 1 and 
lA. This was accomplished by placing the containers in a slanting trough 
and gently playing a small stream of water on the soil. The escap¬ 
ing muddy water was run through a small-meshed sieve and the few root 
ends that were broken off were recovered. These were included in the 
measurements of weight and volume. 

Comparisons of roots included average length, volume, dry weight, and 
anatomical structure. Volume was found by displacement of water in a 
cylindrical graduate after the water on the surface of the roots had been 
removed by pressing them between paper towels. Portions of adventitious 
roots, 2.5 to 4 cm. from their tips, were fixed in chromo-acetic acid solution. 
Transverse sections of these were cut 15 \x thick and compared as to inter¬ 
nal structure. 

Individual root systems of Sudan grass and needle grass were separated 
from the mass of roots after they were placed in the shallow pans and 
floated in water. Root systems of average size were selected. Black 
paper, against which the light-colored roots showed plainly, was cross-ruled 
with white lines and fastened in the bottom of the pan, which was then 
covered with 1.5 inches of water. The root systems were floated out to 
their natural positions and drawn life-size on cross-ruled paper. 

When the clipped plants had again reached their former height, the 
tops were clipped a third time and comparisons of roots and shoots 
of plants in containers 2 and 2A were made. This process was continued 
until the last lot of plants was examined on February 26. 

Because of differences in rate of growth and in ability to recover after 
clipping, as well as variable periods of cloudiness, it was necessary to vary 
the length of intervals between clippings. 

The temperature of the greenhouse averaged 23® C. but varied from 
15® to 30® during the eighteen weeks of the experiment. The humidity at 
all times was rather high. Soil samples taken from containers .showed that 
the variation in moisture content was between 21.6 and 30.4 per cent. 

An attack of aphids made it necessary to spray the plants on January 
15. The Sudan grass was injured to some extent by the sulphur-tobacco 
mixture. 

Results 

Bouteloua gracilis 

The grama grass was clipped when five weeks old and at 21-day inter¬ 
vals thereafter. At the time of the first clipping it was 8 cm. tall and had 
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three leaves per plant. Thus it had made an average daily growth, after 
appearing above ground, of 2.6 mm. 

A comparison of growth rates after each clipping shows that the first 
and third treatments inhibited elongation slightly while the second and 
fourth stimulated it somewhat. The total result of the four clippings was 
a slight inhibition. The total increase in height during the seventeen 
weeks was 23 cm. for the clipped and 24 cm. for the undipped plants. 

Six leaves were produced by the control and four by the clipped plants 
during the period of the experiment. Tillers were ten times as numerous 
and sixteen times as tall on the undipped as on the dipped plants 
(table I). 

Dry Aveight of tops decreased after the first cutting and increased 
slightly after each of the last three cuttings (fig. 1). The initial decrease 
may have been due to shortening days, November 20 to December 11, coin¬ 
cident with 73 per cent, cloudiness. The total dry weight of the clipped 
tops was 0.15 gm. The tops of the control plants weighed 2.46 gm., or 
over sixteen times as much. 

A marked difference in growth of roots was found. While the roots of 
the control plants penetrated continuously to a depth of 33 cm., those of 
the clipped plants decreased with each removal of tops (fig. 1). Neither 
the dry weight nor the volume of the roots increased markedly after the 
first clipping. The final dry weight ratio was 1: 35 for roots of clipped 
and undipped plants respectively. That of volume was 1: 52 (table I). 

The diameters of the roots of clipped and undipped plants were in the 
ratio of 3:4. Fifty per cent, of the diameter of the clipped plants con¬ 
sisted of stele while in the undipped ones the stele composed only 46 per 
cent. Xylem strands were more abundant in the latter (table II). 

Table I gives the percentage of survival after each of the cutting treat¬ 
ments. 

BrOMUS 1NERMT8 

Clipping was begun 28 days after planting, when the seedlings were 13 
cm. tall and in the third-leaf stage. They had grown at the rate of 5 mm. 
per day after germination. During the 13 weeks the clipped plants elon¬ 
gated 10 cm. more than the undipped ones. Thus clipping resulted in a 
23 per cent, increase in height. 

At the end of the experiment the undisturbed plants had eight leaves 
while those clipped four times had five. The clipped plants did not tiller. 
An average of six tillers 25 cm. tall was produced by the control plants 
(table I). The final leaf widths were 2.4 mm. and 5.8 mm. for the clipped 
and undipped plants respectively. 

Weight of tops decreased after each clipping (fig. 2). The five sepa¬ 
rate cuttings yielded 4 per cent, as much dry weight as the one final cutting. 
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Fig. 1, Growth of roots and tops of Bouteloua gracilis. 






Data on top and root development not included in pigures 1-10. Figures based on containers removed on dates 

INDICATED 
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Figures in parenth<eses indicate number of dead leaves. 
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TABLE II 

ErmcT or pour cmppinqs on anatomical structure or nodal roots. Data based on 
TRANSVERSE SECTIONS 15 \l THICK, FROM PORTIONS OF ROOTS 2.5 TO 4 CM. FROM TIPS 


Species 

Treatment 

Diameter of root 

Diameter of stele 




M* 

Bouteloua 

f Clipped 

252 

126 

gracilis 

\ Undipped 

332 

151 

Bromus 

f Clipped 

189 

113 

inermis 

( Undipped 

490 

215 

Molcus 

f Clipped 

248 

126 

sorghum 

1 Undipped 

549 

312 

Koeleria 

f Clipped 

262 

319 

orisiata 

\ Undipped 

216 

91 

Boa 

f Clipped 

119 

66 

pratensis* 

1 Undipped 

329 

112 

Stipa 

f Clipped 

307 1 

134 

spartea 

1 Undipped 

472 1 

1 

168 


* After two clippings. 


Boot penetration w£us practically stopped by clipping. Increase in 
length was slow until the fo-urth cutting, which was followed by a slight 
decrease. The undipped plants had roots which were nearly four times 
as long as those of the clipped ones (figs. 2, 3). The ratio for the dry 
weight of roots was 1: 51 for the clipped and undipped plants respectively. 
The corresponding volume ratio was 1:70. 

A response of brome grass to removal of tops was observed by growing 
seedlings in soil in glass jars 2 feet deep. These were tilted at an angle of 
20° from the vertical. Rate of growth down the side of the jar was ob¬ 
served to diminish gradually as a result of clipping. Growth then ceased 
entirely for 12 days before the roots started to die back from the tips. The 
rate at which they died back was approximately the same as that at which 
they had penetrated before clipping was begun. 

The diameters of the roots of cut and uncut plants were in the ratio of 
3: 8. The stele of the treated plants made up 59 per cent, of the diameter 
as compared with 43 per cent, for the untreated ones. Metaxylem elements 
were larger and more than twice as numerous in the uncut plants. 

Survival fell to 68 per cent, after the fourth cutting (table I). 

HoLCUS 80RQHUM 8VDANEN8I8 

The seedlings of the Sudan grass were first clipped 4 weeks after plant¬ 
ing. At that time they were 13 cm. tall and in the late fourth-leaf stage. 
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Fig. 3. Undipped and clipped Uolcus (left) and Bromus (right). 1/11 natural size. 
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After every clipping the undipped plants elongated more rapidly than the 
dipped ones. During nearly half of the experiment the rate of elongation 
of the cut plants was less than one-half as rapid as that of the controls. 
The total increase in height of the clipped plants was 39.5 cm.; the final 
height of the undipped ones was 60 cm. 

By the end of the 13 weeks, the undipped plants had eight leaves but 
the clipped ones only three. Tillers were over seven times as numerous 
and nearly seven times as tall on the undipped as on the clipped 
ones (table I). 

Dry weight of tops decreased after the first and second dippings but 
increased slightly after the third and fourth, probably as a result of dif¬ 
ference in length of day (fig. 4). The ratio of total dry weight was 1:14 
for dipped and undipped plants re.spectively. The final leaf widths were 
6.1 mm. on the dipped and 13.6 mm. on the undipped plants. 

Differences in length of roots increased after each treatment. The roots 
of the dipped plants increased in length until the fourth clipping and then 
decreased (fig. 4). Sixteen days after the first dipping, the roots of the 
clipped plants were three-fifths as long as those of the undipped. At the 
same length of time after the fourth cutting, the ratio was 3: 7. The dry 
weight ratio at the end of the experiment was 1:40 and the volume ratio 
1:41 for the clipped and undipped plants respectively. 

The dipped plants were characterized by short adventitious roots and 
nearly normal primary roots (figs. 5, 6). The adventitious roots began to 
die back from the tips after the second clipping. The plants apparently 
maintained a certain balance between development of roots and tops. Pro¬ 
duction of tillers and growth of adventitious roots correlated closely (table 
I; figs. 5, 6). 

Roots of the control plants were more than twice as great in diameter 
as those of the clipped ones. Fifty-one per cent, of the diameter of the 
latter was stele, as was 57 per cent, of the diameter of the roots of the con¬ 
trol plants (table II). 

Survival fell to 83 per cent, after the second clipping and to 75 per 
cent, after the fourth (table I). 

KoELERIA CRIST at a 

On December 4 the seedlings of the June grass had four leaves each 
and were 6.5 cm. tall. This amounted to 1.4 mm. growth daily since ger¬ 
mination. The plants were clipped at this date and four times thereafter 
at intervals of 21 days. The tops of the clipped plants elongated faster 
than those of the undipped throughout the period of the experiment. That 
the growth of these plants was stimulated by cutting is shown further by 
the fact that the control plants attained a height of only 15.5 cm. while the 
total increment of the clipped ones was 19.5 cm. 
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Oct. Mov. Dec- Tan. 
23 30 6 13 20 Z7 4 II 1525 I 8 15 22 



^ 5 Rooi f&n^h, contro/^ants- 
gO 6 Rooikvi^h, clipped pkr ‘ 

Q/f. 1 Dry w«i^t of KOoijJ COntv 
8 Dry weight Of roots, cfippt 

72 

4. Growth of roots and tops of Holcus sorghum sudanensis. 
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Fia. 5. Roots of Holcus sorghum sudanensis: 1, undipped; lA, dipped once (both 
7 weeks old) ; 2, undipped; 2A, dipped twice (both 9 weeks old). About % natural size. 

The plants clipped four times had an average of five leaves; those not 
cut had seven. Tillers were nearly twice as numerous on the control plants 
and nearly three times as tall as on the clipped ones (table I). 



6. Ro 
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Each of the first four cuttings yielded approximately the same weight 
of dry matter. The fifth cutting showed considerable increase (fig. 7). 
Evidently the interval was suflScient to permit recovery as the da}^ length¬ 
ened from January 30 to February 20. The five cuttings yielded nearly 
one-fifth as much as the one final cutting, which was much greater than for 
any of the other clipped grasses. This correlated with the relatively small 
differences in number and 'ividth of leaves. The number of living leaves 
(five) was the same in each at the end of the experiment. Those of the 
control plants were 1.6 mm. wide; the clipped ones were 1.5 mm. in width. 

Root penetration continued in spite of clipping (fig. 7). The cutting 
treatment retarded growth an average of only 1.0 mm. per day throughout 
the experiment. The effect of clipping becomes more apparent when the 
weights of the roots are compared (fig. 7). Clipping reduced the weight 
of roots to one-third that of the control. The corresponding volume ratio 
after 18 weeks was 10: 36. 

Unlike the other species, the June grass responded to clipping by pro¬ 
ducing roots of greater diameter, the ratio being 6:5 for cut and uncut 
plants (table II). All of the plants survived the treatment (table I). 

POA PRATEMSIti 

At the time of the first clipping, November 20, the bluegrass seedlings 
were 9 cm. high and in the fourth-leaf stage. The rate of growth, as mea¬ 
sured in mm. per day, was reduced to a slightly different extent by each 
clipping treatment. On an average, clipping inhibited growth 0.5 mm. 
per day. 

The clipping treatment permitted the formation of only three leaves 
while the control plants developed seven. Those of the clipped plants were 

1 mm. wide as compared with 1.8 mm. for the undipped ones. Clipping 
prevented tiller production (table I). 

AVeight of tops decreased until the third clipping, after which it in¬ 
creased (fig. 8). The tops produced by the control plants during the 12 
weeks weighed 7.6 times as much as those of the clipped ones. 

The roots made a definite response to each removal of photosynthetic 
area. Nineteen days after the first clipping, the weights of the roots of 
clipped and control plants were in the ratio of 1:4. This ratio was re¬ 
duced to 1:11 by the second and 1:14 by the third treatment. 

Root penetration continued in spite of clipping but was less rapid than 
in the control plants (fig. 8). The roots of the seedlings which were 
clipped three times were only three-fifths as long as those of the undipped 
ones. Stated differently, clipping inhibited root penetration an average of 

2 mm. per day. 
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Fig. 7. Growth of roots and tops of Koeleria cristata. 


The ratios of root volumes of clipped and undipped plants became 
smaller with each treatment. They were 1:7, 1:15, and 1:20 after the 
first, second, and third cuttings. 

As a result of two clippings, the diameter of the adventitious roots was 
reduced to about one-third that of the uncut plants. In the latter the stele 
formed 34 per cent, of the root diameter, while in the cut plants it consti¬ 
tuted 55 per cent, (table II). 


8 TIP A SPARTEA 

The seedlings of needle grass were first clipped on November 20. On 
this date they had three leaves and were 12 cm. in height. The first and 




BOBEBTSON : OUPPINQ QBABS SEEDUNGS 


441 


Oct. Nov- 


Dec 


Xa 


13 20 Z14- 1J J8 25 J 8 JS 


^^23 30 6 
c>n. 

36 . 

34. 1 Height of control pknts — 
32 2 of clipped pknis * 

30 3 ^iopsccoriroh 

28 oftops(ckppej) 

26 ^ * 


8 

JO 

12 

14 

16 

Id 

20 

22 

24 

26 

28 

30 

32 





-*8 



5 Rooilen^h, control^Anis — 

6 Root len^fi, clipped pk.rrts — 

7 Dry wei^t of roots, control- 


34- ® ^•'y rifeight of roots, clipped — 

Fig. 8. Growth of roots and tops of Poa pratensis. 
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second clipping apparently inhibited elongation of tops. After the third 
treatment no difference in rates of growth due to clipping was detected. 
The controls elongated only 28 per cent, as much as the cut plants after the 
fourth treatment. Hence clipping apparently caused a 30 per cent, increase 
in height. 

Cutting limited the number of leaves -to two while the control plants 
developed five. The control plants produced three tillers 30 cm. tall. Clip¬ 
ping entirely prevented the production of tillers (table I). 

Weight of tops decreased slightly after the first and second cuttings and 
a small increase was evident after the third and fourth (fig. 9). These 
increases were probably due to the greater length of day, January 6 to 
February 26. The five cuttings yielded less than 7 per cent, as much dry 
weight of tops as one final cutting. Leaves of the clipped plants were only 
0.92 mm. wide as compared with 2.53 mm. for those of the control plants. 

The effect of each clipping was strongly reflected by the roots. As in 
the case of Sudan grass, the chief difference was in the checked develop¬ 
ment of adventitious roots (fig. 10). Development of these roots was pre¬ 
vented by the first three cuttings. Their growth after the fourth cutting 
was evidence of recovery. With but one exception, root penetration con¬ 
tinued after each clipping; but the weight decreased until the fourth clip¬ 
ping, after which a slight increase was made (fig. 9). At the conclusion 
of the experiment the control plants had roots which were 2.6 times as long 
as those of the clipped ones. Clipping was thus responsible for retarding 
root penetration to an average extent of 2.7 mm. daily during the 130 days. 

The volume ratio of the roots of undipped plants to those of plants 
clipped four times was 18:1. The corresponding weight ratio was 13:1. 

The roots of the clipped plants were only two-thirds the diameter of 
those of the undipped ones. In the dipped plants the stele made up 44 
per cent, of the root diameter, while in the control plants it composed only 
35 per cent. 

Seventy-five per cent, of the plants survived the four treatments. 

Discussion 

This experiment show^s clearly that the development of grass seedlings 
is seriously affected by frequent removal of tops. Certain species, such as 
Koeleria, are injured much less than others, such as Stipa and Holcus. 
Grabee (7) reports that nine cuttings injured alfalfa more than twenty- 
two cuttings did bluegrass. Differences in response are shown also by the 
fact that elongation of tops in three of the grasses [Poa, Bouteloua, and 
Holcus) was inhibited, while in the other three {Bromns, Koeleria, and 
Stipa) it was slightly stimulated by clipping. 
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Fia. 9. Growth of roots and tops of Stipa spartea. 


All of the species responded to clipping by reduction in yield and 
decreased development of roots. This was effected through reduction in 
number and height of tillers, number and width of leaves, and number and 
length of roots. The close relation in Stipa and Holcus between the produc¬ 
tion of tillers and nodal roots is in accord with the finding of Krassovsky 
(11) for wheat and barley. 

The nodal roots were the underground parts chiefly affected. In Stipa 
these roots were not produced until after the fourth cutting of tops. The 
tops also showed marked recovery at this time. The nodal roots of Holcus 
were produced early in the experiment and were reduced gradually by the 



444 


PLANT PHYSIOLO<iY 



Fig. 10. Boots of Stipa spartea: 1, unclipped; lA, clipped once (both 8 weeks old); 
2, undipped; 2A, clipped twice (both 12 weeks old); 3, undipped; 3A, dipped three 
times (both 16 weeks old); 4, undipped; 4A, clipped four times (both 19 weeks old). 
Slightly less than % natural size. 

clipping treatment. Clipping retarded the roots of Bouteloua to one-fifth 
the length of the controls. Roots of Koeleria reached about five-eighths 
their normal length. 
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The mass of the roots, based on dry weight, decreased or remained con¬ 
stant except for Koeleria, which increased in spite of clipping. Bromus 
suffered the greatest reduction in both tops and roots on the basis of dry 
weight. The tops of the clipped plants weighed one-twenty-fifth and their 
roots only one-fiftieth as much as those of the controls. The corresponding 
ratios for Holcus were 1:14 and 1: 40. In Stipa the reduction of tops was 
approximately the same as that of roots, being 1:14 and 1:13. The roots 
of the clipped Poa were one-fourteenth and the tops one-eighth as heavy as 
those of the undipped plants. Koeleria was injured the least as measured 
by reduction in weight of tops and roots. 

In spite of clipping, penetration continued slowly in all species except 
Bouteloua, which responded by a gradual decrease in root length. It is 
significant that the roots of Bromus ceased growth for 12 days before start¬ 
ing to die back from the tips following repeated removal of tops. Parker 
and Sampson (14) report a 15-day cessation of growth in 15-day-old 
Bromus hordeaceus after one clipping. Evidently there is more or less of 
a balance between the root system and the photosynthetic area necessary 
to sustain it. 

All of the grasses except Koeleria produced roots of greater diameter 
when the tops were not cut. In all cases except Holcus the stele of the roots 
of the clipped plants formed a higher percentage of the root diameter than 
those of the undipped. This suggests that the growth of cortex is limited 
more by scant food supply than is that of stele. In every case the greater 
number of xylem strands occurred in the larger steles. 

Several of the grasses showed marked differences in ability to recover 
after clipping. Koeleria showed no losses, while survival of Stipa fell to 
65 per cent, in one instance. Under the conditions of the experiment, 
Koeleria was least injured by clipping. This may be due to its slow 
growth and to the fact that so much of its green tissue is near the soil surface. 
As measured by reduction in total weight, Holcus and Bromus were injured 
most severely. Seedlings are apparently injured to a somewhat greater 
extent by clipping than are well established grasses. Biswell (4) reports 
that frequent clipping of grasses grown from sod reduced yield to one- 
fourth and root weight to one-tenth that of the controls. 

Unless it is necessary to conserve soil moisture, as in the case of winter 
wheat (5), grass seedlings should be protected against grazing in order to 
obtain maximum development of roots and foliage. 

Summary 

1. Seedlings of six range and pasture grasses were grown in soil in the 
greenhouse and their development was studied after each of four clipping 
treatments. 
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2. Growth of tops, as measured by dry weight, decreased owing to clip¬ 
ping. Reduction in yield ranged from 80 to 96 per cent, for the different 
species. Elongation of tops was stimulated in one-half the species and in¬ 
hibited in the other half. Width and number of leaves and number of 
tillers were reduced by clipping. 

3. Removal of tops invariably retarded root penetration but seldom 
stopped it completely. Nodal roots were the underground parts affected 
most. In most cases these roots were nearly absent after the fourth clip¬ 
ping, either having failed to develop or having died back from the tips. Ex¬ 
cepting in Koeleri<i, the nodal roots of the clipped grasses were of smaller 
diameter and had relatively larger steles than those of the undipped plants. 

4. The greatest reduction in yield, that of Bromus, accompanied the 
greatest retardation in root development. Minimum reduction in both 
root and shoot occurred in Koeleria. In general, clipping reduced growth 
of roots, as based on dry weight, about twice as much as that of tops. In 
Koeleria, however, the weight of tops was reduced more than that of roots. 
In the six species the roots of the clipped plants ranged in weight from 
one-third to one-fiftieth as much as those of their controls. 

5. Excepting in Koeleria, the dry weight of roots decreased or re¬ 
mained constant after each clipping. Root volumes correlated fairly well 
with dry weights. 

6. Removal of the aerial parts of grass seedlings had an immediately 
injurious effect which was measurable both above and below ground. Ex¬ 
tent of injury depended largely upon the nature of the species and the 
frequency of the treatment. 

The writer expresses his appreciation to Dr. J. E. Weaver, who sug¬ 
gested the problem and gave much helpful advice throughout the course of 
the research. 

University or Nebraska 
Lincoln, Nebraska 
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QUANTITATIVE EELATION BETWEEN CHLOEOPHYLL AND 
lEON IN GEEEN AND CHLOEOTIC PEAE LEAVES 

J. OSERKOWSKT 

(with six riQURES) 

I. Introduction 

Lime-induced chlorosis is known to be curable by iron, and for this rea¬ 
son is attributed to iron deficiency. Chlorotic leaves should accordingly 
contain less iron than green leaves. It has been found by several investi¬ 
gators, however, that chlorotic leaves may contain more iron than green 
leaves. Similar results were obtained also by the writer, regardless of 
whether the iron content was reported on the dry or on the fresh-weight 
basis. No positive correlation could be observed between the iron content 
and the amount of chlorophyll of leaves obtained from chlorotic trees 
(table II, columns 4 and 5), although iron was the limiting factor in these 
leaves in so far as chlorophyll formation was concerned. This fact may be 
explained by either of the following hypotheses: 

1. All the iron present in the leaves is equally (or nearly equally) active 
in chlorophyll formation. The efficiency of its activity, however, may vary 
considerably in leaves of the same tree. The green leaves would accord¬ 
ingly be those leaves which may contain small amounts of iron, but in which 
the efficiency of the iron in chlorophyll formation is very great. 

2. Only a fraction of the iron in the leaves is active in chlorophyll for¬ 
mation. This active fraction is more abundant in the green leaves than in 
the chlorotic ones, although the reverse may be true in the case of the total 
amount of iron in the leaves. 

In regard to the first hypothesis, it may be stated that a wide range of 
variations in the efficiency of the iron in leaves is logically not impossible. 
On the other hand, the assumption that all the iron in leaves is active in 
chlorophyll formation seems improbable, since not all the iron is present in 
one form. Thus Boussingault (2) could extract with alcohol only about 
one-fourth to one-half of the iron content in leaves. Serger (11) also 
found that not all the iron in spinach leaves could be extracted with alco¬ 
hol, or with a mixture of benzene, chloroform, and ether. The investiga¬ 
tions of Suzuki (13), Griessheyer (6), and Ingalls and Shive (7) indi¬ 
cate also that the iron in leaves is present in more than one form. 

This evidence favors the assumption that a specific form of iron is 
active in chlorophyll formation. This form of iron is designated in this 
paper active iron. In the following pages, the attempts which were made 
to determine the amount and the nature of this active iron are discussed. 
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II. Material and methods 

Pear trees of two varieties were iised, Hardy and Bartlett. The trees 
grew on soil rich in lime. Most of the samples were taken from two 
orchards which were badly affected by chlorosis. The trees in these 
orchards varied greatly in the chlorophyll content of their leaves. It was 
not uncommon to find individual trees which bore leaves of all shades of 
color, ranging from cream-yellow to deep green, and often green and 
chlorotic trees stood side by side. 

Repeated treatments over a period of four years showed that the trees 
in these orchards always responded to application of iron, when applied in 
any of the following ways: spraying of leaves with iron salt solutions; in¬ 
jection of iron salt solutions into the trunk and limbs; and application of 
powdered iron salts into holes bored in the lower end of the trunk 
or branches.^ Positive results were obtained regardless of the acid radical 
attached to the iron, provided the iron compounds were fairly soluble. The 
following compounds were found to induce greening of chlorotic leaves: 
ferric sulphate, ferric citrate, ferric chloride, ferric oxalate, ferrous sul¬ 
phate, and ferrous citrate. On the other hand, application of citric acid, 
tartaric acid, cupric sulphate, manganese sulphate, and magnesium salts 
failed to give positive results. It is thus obvious that the plants dealt with 
in this investigation suffered from a typical lime-induced chlorosis due to 
a deficiency of iron or an abnormal iron metabolism. 

Preliminary work had shown that failure to wash the leaves be¬ 
fore analysis may vitiate the iron determination by more than 100 per cent. 
Thus all the leaves were washed w^ell in distilled water before being 
analyzed. After washing, the leaves were dried at 50®-60® C., and then 
ground in a porcelain mortar or in a brass mill specially built for the pur¬ 
pose. Care was taken to avoid contact betw^een iron and the samples. 

The leaf powder was ashed in porcelain or silica crucibles, and the iron 
in the ash determined colorimetrically by the thiocyanate method as modi¬ 
fied by Walker (14). Care was taken to keep the standard and samples 
at about the same acidity, namely 0.25 N. The determination of iron in 
apricot and peach leaves, and some pear leaves, however, was carried out 
in 1.0 N HCl solutions. Frequent blank determinations were made with 
porcelain and silica crucibles, and the values for the iron content of the 
samples were corrected accordingly. 

In the presence of small amounts of iron, for example, of 1.0 parts per 
million or less, in the solution to be analyzed, a modified method was em¬ 
ployed similar to that used by Stokes and Cain (12), the method being 

1 The trees were treated by Dr. J. P. Bennett, and the writer is indebted to him 
for the use of the data thus obtained. For details concerning the treatments, see 
Bennett (1). 
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based on the property of ethyl acetate and amyl alcohol to extract the red 
iron thiocyanate compound from aqueous solution. To one volume of the 
acid solution containing iron and ammonium or potassium thiocyanate, one- 
half to two-thirds’ volume of ethyl acetate (or amyl alcohol) was added. 
The mixture was shaken in a separatory funnel and allowed to stand for a 
few minutes. The ethyl acetate was then separated from the aqueous solu¬ 
tion and the color of the ethyl acetate solution compared with that of a 
standard solution treated in the same way. It was found that the ethyl 
acetate intensified the color, made it more stable, and was particularly suit¬ 
able for the determination of small amounts of iron in the presence of small 
amounts of copper. 

A direct contact was avoided between corks, rubber stoppers, ordinary 
filter paper, and the acid iron solution, since it was found that these objects 
may contain sufScient amounts of acid-soluble iron to vitiate the results. 
The solutions to be analyzed were filtered through acid-washed filter paper, 
and were kept in glass-stoppered fiasks. 

Practically all the iron values here reported represent the averages of 
duplicate or triplicate determinations. 

When leaf material was extracted with various solvents, the following 
procedure was used: to about 4.7-6.6 gm. of dry powdered leaf material in 
a glass-stoppered flask, 50-70 cc. of solvent were added in proportion to 
the weight of the sample. The flasks were put in a shaker for about 24 
hours.* The suspension was then centrifuged for about 20-25 minutes, 
and to the solid residue about 20-30 cc. of the solvent were added, mixed 
with a glass rod and centrifuged again for 10-15 minutes, decanted, 20- 
25 cc. of the solvent added once more, the solution stirred with a glass rod, 
centrifuged again for 10 minutes, and decanted. The decanted portions 
from each sample were combined, the liquid evaporated in porcelain or 
silica crucibles, the residue ashed, and the amount of iron in the ash deter¬ 
mined as described. 

Chlorophyll was determined always on fresh leaves according to 
the method of WiLLSTAXTEaB and Stoll (16, pp. 2-3). The color of potas¬ 
sium chlorophyllin of the samples was compared with that of a standard 
solution of potassium chlorophyllin prepared from pure chlorophyll iso¬ 
lated from fresh grass according to the method of WillstXtteb and his 
co-workers (16, pp. 30-32). 

* While It is not eseentisl to adhere closely to this period of time (24 hours), it is 
very important when dealing with 1.0 N HCl extraction that the period of shaking should 
he the same for aU samples of a given series, that is, leaves of etjual age, collected from 
the same trees, and on the same date. 
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III. Active iron in pear leaves 

It was believed that in samples of leaves in which active iron was the 
limiting factor in chlorophyll formation, the amount of green pigments 
should bear a positive correlation to the amount of active iron they contain. 
In an attempt to isolate the active iron, green and chlorotic pear leaves of 
the same age were extracted with various solvents, and the amount of iron 
in these extracts was compared with the chlorophyll content of the samples 
to ascertain whether a direct relation existed between them. No such cor¬ 
relation was found when the leaves were extracted with distilled water o r 
with 0.05 N HCl. Similar results were obtained also in regard to the iron 
in the^TSnolar sap of leaves, which was secured by a method similar to 
that used by Chibnall (3) : the fresh leaves were washed in water, then 
dried with a clean towel or filter paper, dipped in ether for 5-10 minutes, 
spread on filter paper to dry for 10-20 minutes, then pressed in a Buchner 
press between porcelain or copper plates. The sap obtained in this man¬ 
ner is termed in this paper vacuolar sap merely for convenience, since proof 
is lacking that the liquid obtained is necessarily pure vacuolar sap. The 
data relating to the extraction of pear leaves with 1.0 N HCl are presented 
in table I. This table shows that in all samples, with the exception of sam¬ 
ples 17 and 18, the amount of iron extracted is higher in the green leaves 
than in the corresponding chlorotic leaves. This holds true also in the case 
of samples 13 and 14, in which the total amount of iron present in the green 
leaves is smaller than that contained in the yellow leaves. Table I thus 
clearly indicates that a positive correlation exists between the amount of 
iron extracted from leaves with 1.0 N hydrochloric acid and with their 
chlorophyll content. It should be emphasized, however, that the two sam¬ 
ples (17 and 18) which show exception to this rule were collected late in 
the season. This fact wdll be further discussed later. 

The data in column 6, however, show also that the total iron in all cases, 
except samples 13 and 14, is higher in the green leaves than in the corre¬ 
sponding chlorotic ones. This gave rise to the supposition that the amount 
of iron extracted with 1.0 N hydrochloric acid stood in direct relation to 
the total iron present in the sample, and that consequently the values pre¬ 
sented in column 7 depended on the total iron present, but did not stand in 
direct correlation to the chlorophyll content of the samples. . 

In order to test this assumption, a series of pear leaves was collected, 
and their chlorophyll content, the total amount of iron present, and the 
amount of iron extracted® with 1.0 N hydrochloric acid determined. The 

8 Most of the samples in this series were extracted for 24 hours. While it is not 
essential to adhere strictly to this period of shaking, it is very important that samples 
belonging to the same series {e.g,, collected from the same trees at a given date) should 
Jbe extracted for the same length of time. 
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TABLE I 

Total amount of ibon in peak leaves and amount of ibon ezteacted from them 

WITH 1.0 N HCl 


No. OF 
SAMPLE 

Condi¬ 
tion or 
LEAVES 

Dbsckiption 

or SAMPLE 

Variety 

Date 

COLLECTED 

Total 

IRON IN 
LEAVES 

Iron IN 
1.0 N 
Ha 

EXTRACT 

In P.P.M. or DRY 
WEIGHT OP LEAVES 

1 

Green 



1 

Apr. 20/29 

70 

26 

2 

Chlorotic 




tt 

42 

16 




Spur leaves 





3 

Green 


from one- | 


May 16/29 

100 

39 

4 

Chlorotic 


year-old 

Bartlett 

tt 

97 

23 




wood 





5 

Green 




Aug. 15/29 

117 

60 

6 

Chlorotic 



1 

tt 

73 

29 

7 

Green 

1 

1 

1 Leaves from 


May 29/29 

98 

47 

8 

Chlorotic 

1 

[ base of 

Bartlett i 

11 

63 

27 



J 

1 shoots 





9 

Green 

1 

[ Leaves from 


Aug. 17/29 

92 

47 

10 

Chlorotic 

1 

i middle of 

Bartlett 

11 

69 

32 



J 

1 shoots 

1 




11 

Green 




Apr. 17/29 

42 

20 

12 

Chlorotic 




tt 

25 

8 

13 

Green 


Spur leaves 


May 28/29 

49 

23 

14 

Chlorotic 


from wood 


11 

70 

16 




older than 

Hardy 




15 

Green 


one year 


Aug. 5/29 

79 

42 

16 

Chlorotic 




11 

76 

26 

17 

Green 




Aug. 16/27 

76 

33 

18 

Chlorotic 


1 



120 

41 


sampling was done as follows: severely chlorotic, moderately chlorotic, and 
green leaves of the same age were collected from the same chlorotic trees. 
The samples designated as “green, treated with iron in 1928” were ob¬ 
tained from chlorotic trees which were treated with iron in December, 
1928, and in consequence of which bore very green leaves in the 1929 and 
1930 seasons. 

The results of the analyses are presented in table II, columns 6 and 7, 
from which it is concluded that no correlation exists between the total iron 
content of these samples and the quantity of iron which is extracted from 
them with 1.0 N hydrochloric acid. On the other hand, this table reveals 













TABLE II 

CHLOROPHYI/D CONTEaJT, AND AMOT7NT OF IRON EXTBACTRD FROM HARDY PEAR LEAVES WITH 1.0 N Hd 
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a striking positive correlation between the amount of iron extracted from 
the leaves and their chlorophyll content (see figure 1). * ^ 

This fact strongly suggests that the active iron, or its hydrolysis prod¬ 
uct, is contained in the 1.0 N hydrochloric extract. It remains to be deter¬ 
mined whether this extract contains only the active iron, or whether it con¬ 
tains in addition some other fractions of iron which are inactive.** 

Since iron in these samples is the limiting factor in so far as chlorophyll 
formation is concerned, it was reasoned that if all the iron in the extract 
were active iron, then a more or less direct proportionality should exist 
between the amount of chlorophyll in samples of each series and the total 
amount of iron extracted from them by 1.0 N hydrochloric acid. On the 
other hand, if the 1.0 N hydrochloric extract contained also inactive iron, 
then such a proportionality should exist only between the active iron frac¬ 
tion and the chlorophyll content. The data of table II are plotted 
in figure 1, where the chlorophyll content is represented by the ordinate, 
and the total amount of iron extracted from the leaves with 1.0 N hydro¬ 
chloric acid is plotted on the abscissa. This figure shows that no direct 
proportion exists between the total amount of extracted iron and the 
chlorophyll content; hence it is concluded that the 1.0 N hydrochloric acid 
extract contains some inactive iron in addition to the active iron. 

It could have been argued that the iron in the 1.0 N hydrochloric acid 
extract was active iron only, but that this extract contained merely part 
of the total active iron present in the leaves. If this were true, then sam¬ 
ple 14 (table II), for example, which contains about 6.9 times more chloro¬ 
phyll than sample 12, should contain also about 6.9 times more active iron 
than sample 12; in other words, it must contain at least 6.9 x 14.9 = 
102 p.p.m., which is greatly in excess of the total iron present in sample 
15, namely 48 p.p.m. 

Figure 1 also indicates that all samples in each series {e,g., samples of 
the same age, collected from the same trees, and on the same date) lie on 
a straight line, or their distance from a straight line drawn through them 
is within the experimental error involved in the determination of their iron 
content. For most samples in table II the difference between duplicate 
iron determinations of 1.0 N hydrochloric extracts lies within 5 per cent, 
of the average value. The error involved in the chlorophyll determination 
for the values given in this table may therefore amount to as much as 10- 
15 per cent. This is due in part, presumably, to the variation in chloro¬ 
phyll content within leaf material of a given sample. 

« The terms actwe iron and vnactwe won used in this paper refer to the iron frac¬ 
tions which are active or inactive in the formation of chlorophyll only. These terms do 
not imply anything in regard to the activity of these fractions in other physiological 
processes, e.p., respiration. 
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P.F.H. IBOi 

Fig. 1. Chlorophyll content and iron extracted with 1.0 N HCl in 24 honi:g: 
1, 0=:spur leaves collected April 29; 2, 0 = sp«r leaves collected May 13; 3, • =Bpur 
leaves collected May 27; 4, A = spur leaves collected June 16; 6, 0 = leaves from base 
of shoots collected July 8; 6, = leaves from terminal shoots collected July 9; 7, 

Q = leaves from middle of shoots collected July 7, 

This fact may be readily explained on the assumption that all 1,0 N 
hydrochloric add extracts of samples belonging to the same series contain 
the same amount of inactive iron, and differ only in the amount of active 
iron they contain, (The validity of this statement will be discussed later 
on, and it will be shown that it does not always hold true. This, however, 
does not affect the conclusions drawn here, since this assumption holds true 
for the samples given in figures 1 and 5.) Thus the difference in the 
amount of extracted iron of two samples belonging to the same series corre¬ 
sponds to the difference in the amount of active iron. 

If, in figure 1, a straight line be passed through points belonging to 
samples of one series, then the point of intersection of this line with the 
abscissa will correspond to a hypothetical sample of chlorotic leaves of 
which the chlorophyll content is equal to 0. It is evident that the amount 
of active iron in such a sample must be extremely small, or equal to 0. It 
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then follows that the distance between this intersection point and the origin 
represents the amount of the inactive iron which a 1.0 N hydrochloric ex¬ 
tract of such a sample would contain. But this amount of inactive iron 
represents, according to our assumption, the amount of inactive iron in the 
extracts of all other samples of this series; hence the amount of active iron 
in a sample of this series is given by the expression: Fea = Fe —FCi, where 
Feia is the active iron; Fei is the inactive iron in the 1.0NHCl extract; and 
Fe represents the total iron in the same extract. 



FE IN 1.0 N HC! EXTRACT IN PPM. OF DRV WEIGHT'OF LEAVES 

Fig. 2. Efitimation of active iron in 1.0 N HCl extract of leaves; Hardy spur leaves 
collected July 9, 1930. 

An example will serve to illustrate the method of estimating the active 
iron in pear leaves. In figure 2 the points a, i, c, and / represent severely 
chlorotic, moderately chlorotic, slightly green, and very green leaves from 
chlorotic trees respectively, collected on July 9,1930. These samples were 
spur leaves collected from the same trees, and therefore belong to the same 
series; while sample d was collected at the same time and in the same or¬ 
chard, but from a different group of trees which were treated with iron in 
1928. The line a^f is the straight line of closest fit to pass between the points 
a, b, c, and /. This line intersects the abscissa at the point E, Thus OE rep¬ 
resents the inactive iron for this series of samples. The active iron for 
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sample a is obtained by drawing from a a line parallel to the abscissa; this 
line intersects a^f at From a perpendicular line to the abscissa is 
drawn which intersects it at ^; EA is thus the active iron for a, while EB 
and EC represent the active iron for b and c respectively. The values of 
Fe for several series of Hardy pear leaves are plotted in figure 1 against 
the chlorophyll content, and straight lines are drawn through points be¬ 
longing to the same series, which allow the estimation of the active iron. 
The values thus obtained are presented in table II, column 9. 

In figure 3 the values of Fe* are plotted on the ordinate against 
the value of (Fe-Fci) on the abscissa on the same scale. The points on 
figure 3 represent 29 samples comprising 8 series and collected at different 
times of the season between April and July. These samples include spur 
leaves as well as shoot leaves,® all of which were collected from Hardy trees 
in a chlorotic orchard. If Pca were equal to (Fe - FeO, then all the points 


f'p 



/ 



O J 

O X 


OC 

X n 



o yS 

oOjr° 





10 X5 


Fig. 3. Active iron (Fe») and values of (Fo-Fei) for Hardy pear leaves. 


0 In the case of shoot leaves, each series comprised loaves of nearly the same age. 
This was accomplished by segregating the leaves from the base, middle, and top of the 
shoots to make separate samples. 
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in figure 3 should lie on a straight line, OA, passing through the origin and 
making an angle of 45® with either one of the axes. The positions of the 
points on figure 3 aiford a means of gauging the agreement between the cal¬ 
culated values of the active iron (that is, Pea) and the observed values. 
This figure shows that out of 29 samples there is not a single one for which 
the value of AFe, as defined by the expression AFe = Fea- (Pe-Fei), 
equals or exceeds 2 p.p.m., and for 22 samples A Fe is less than 1 p.p.m. 
This is very good agreement, since the values of A Fe are well within the 
limit of the error involved in the determination of Fe. 

The data plotted in figures 1 and 2 pertain only to the samples which 
were collected up to July 9; samples collected later do not show a consis¬ 
tent correlation between the amount of iron extracted in 24 hours with 1.0 
N HCl and their chlorophyll content, as can be seen from table III and 
from figure 4 which represents the results obtained for Hardy samples col¬ 
lected on August 7. This finding is in agreement with the data reported 
in table I (samples 17 and 18), in which it was shown that the 1.0 N HCl 

TABLE III 

Chlorophyll content, and the iron extracted with 1.0 N HCl raon pear leaves 

COLLECTED FROM CHLOROTIC TREES LATE IN CROWING SEASON 


Description 
of leaves 

i 

Variety 

Orchard 

Date of 

COLLBCT- 

INO 

samples 

Chlorophyll 
content in 
% of dry 
weight of 

1 leaves 

1 

Total iron 

EXTRACTED 
WITH 1.0 N 
HCl IN 
P.P.M. OF 
DRY WEIGHT 
OF LEAVES 

Severely chlorotic 

Bartlett 

Me 

July 20 

0.087 

53.3 

Moderately chlorotic 

< t 

it 

1 << 

0.27 

43.3 

Light green 

t ( 

it 

if 

i 0.42 

39.5 

Deep green 

11 

it 

i t 

• 0.68 

1 

54.1 

Severely chlorotic 

Hardy 

M 

! ‘‘ 

1 0.10 

16.4 

Moderately chlorotic 

(t 

(( 

! 

0,26 


Light green 

(( 

( i 

ft 

0.43 

22.5 

Deep green . . j 

(i 

it 

! 11 

1 

0.96 

36.1 

Severely chlorotic 


ft 

, August 7 

0.056 

28.1 

Moderately chlorotic 

i ( 

f t 

(( 

0.20 


Light green. 

( < 

it 

< i 

0.25 


Deep green . 

< < 

i* 

ft 

0.66 

34.2 

Severely chlorotic... 

< ( 

B 

i t 

0.045 

43.1 

Moderately chlorotic 

it 

< f 

11 

0.14 i 

38.5 

Light green. 

i { 

it 

it 

0.38 


Deep green. ... ... 

i ( 

t t 

1 

i t 

0.73 1 

54.8 
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extract of a chlorotic sample collected in August contains more iron than 
a similar extract from green leaves. 

An explanation for this fact may be furnished by the observations of 
Sachs (10) and other workers. Sachs noticed that chlorotic leaves did 
not respond to treatment of iron when applied late in the season. Zim¬ 
merman (17) and Roux (9) reported that the chloroplasts of severely 
chlorotic leaves showed marked signs of injury, which finally resulted in 
the disintegration of the plastids. These observations indicate that some 
profound changes take place in chlorotic leaves late in the season, which 
may affect the solubility of the various iron compounds of the leaves. It 
is likely that the hydrochloric acid extract of chlorotic samples oollected 
late in the season may contain amounts of inactive iron different from those 
of the extracts from green leaves. The active iron cannot be determined 
in samples collected late in the season, since the method of its estimation, 
previously described, can be used only when all the samples of a series con¬ 
tain in their hydrochloric acid extract the same amount of inactive iron. 



August 7:-O-leaves from orchard M;- Q -leaves from orchard B. 

Again, the injury to the leaf caused by prolonged chlorosis may impair 
the efficiency of the active iron, until the chloroplasts are injured beyond 
recovery, when the active iron, even if abundant, may fail to bring about 
the formation of chlorophyll. If this were the case, then the amount of 
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active iron in leaves of the same age^ collected from the same trees, would 
not be proportional to their chlorophyll content. 

Prom the foregoing it is obvious that the method of determining the 
active iron is limited in its application for the following reasons: 

1. In order to estimate the active iron in any one sample, it is necessary 
to determine the chlorophyll content and the acid-extractable iron of 
a whole series of samples (the series should consist of at least three 
samples). 

2. The leaf samples in each series must be of the same age and grown 
on the same trees; they must, however, differ markedly in their chlorophyll 
content. 

3. The active iron must be the limiting factor in each sample of a series, 
in so far as chlorophyll formation is concerned. 

4. The method cannot be applied to samples collected late in the season 
(e.g., August or later). 

On account of these limitations, a method which could be of wider ap¬ 
plication is being investigated at the present time. 

IV. Active iron in peach and apricot leaves 

Green and chlorotic peach and apricot leaves were collected from 
chlorotic trees. The chlorophyll content, total amount of iron, and iron 
extracted from the leaves with 1.0 N HCl w^ere determined by the same 
procedure as used with pear leaves. The data obtained are presented in 
table IV and figure 5. It may be noted that while the total amount of 
iron in the chlorotic leaves is smaller than that present in the green leaves, 

TABLE IV 

Active iron in peach and apricot leaves from chlorotic trees. Samples collected 
July 20 from middle of shoots 


Description of leaves 

Chlorophyll 

CONTENT IN 
% OF DRY 
WEIGHT 

Total 
iron in 

LEAVES 

Iron in 
1.0 N HCl 

EXTRACT 

Active 

IRON 

In P.P.M. OF DRY weight 

OF LEAVES 

Severely chlorotic peach leaves. 

0.21 

41 

14.0 

3.8 

Moderately chlorotic peach leaves.. 

0.68 

48 

22.3 

10.1 

LlRht green peach leaves. .. 

1.09 

75 

30.2 

19.6 

Deep green peach leaves . 

1.47 

75 

36.9 

26.7 

Severely chlorotic apricot leaves.... 

0.16 

48 

15.5 

5.1 

Moderately chlorotic apricot leaves 

0.31 

45 

18.0 

9.4 

Light green apricot leaves. 

0.59 

76 

30.8 

17.8 

Beep green apricot leaves.. 

0.90 

62 

37.7 

27.2 
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no consistent relation exists between the total iron content and the chloro¬ 
phyll content, while the relation between the amount of iron extracted with 
1.0 N HCl and the chlorophyll content is very close. It is evident that the 
method of estimation of active iron as described in this paper is applicable 
to leaves of pear, apricot, and peach, and presumably also to other material. 



f.P.U. IftON 

Pig. 5. Chlorophyll content and iron extracted from 1.0 N HCl from peach leaves 
( O ) apricot leaves ( O ) • 

V. Nature of active and inactive iron 

When a solution of ammonium thiocyanate or potassium thiocyanate is 
added to 1.0 N HCl extract of pear leaves, the brown liquid turns red- 
brown. This indicates the presence of ions, or of an iron compound 
readily converted into Fe++^ The 1.0 N HCl extract is deeply colored, 
however, owing to the presence of decomposition products of chlorophyll 
and of other compounds. For this reason the intensity of the red color 
of the iron thiocyanate cannot be determined directly on the extract. In 
order to separate the ionic iron from the rest of the extract, the following 
procedure was adopted. 

The 1.0 N HCl extract of a leaf sample was made up to 175 cc. with 1.0 
N HCl solution, and 25 cc. of 40 per cent. NH^CNS were added to it. To 
this solution 50 cc. of ethyl acetate were added; the whole was shaken for 
a minute or two in a separatory funnel, the emulsion allowed to stand for 
10-20 minutes, the aqueous phase drained, and the ethyl acetate collected 
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in a flask. The extraction with ethyl acetate was repeated five or six times 
until the ethyl acetate remained colorless. The ethyl acetate extracts were 
added together and evaporated slowly in pyrex beakers on a hot plate at 
a low heat. When the volumes of the liquid in the beakers were reduced 
to about 10-20 cc., the beakers were removed from the hot plates and al¬ 
lowed to cool, and concentrated nitric acid was added drop by drop, a few 
drops at a time with an interval of several minutes between each addition. 
After this process was repeated several times, about 5 cc. of concentrated 
nitric acid were added and the liquid in the beakers was evaporated at low 
heat until dry. The beakers were then put in an electric furnace and the 
residue ashed at low temperature (at a very dull red). The determination 
of the iron in the ash was carried on in the manner previously described. 

TABLE V 

Ionic and ionizable iron in 1.0 K HCl extracted froh pear leaves 


Description 

OP SAMPLE 

Date OP 
collect¬ 
ing 

SAMPLE 

Hours op 

EXTRAC¬ 
TION WITH 

1.0 N HCl 

Total 

IRON IN 

1.0 N HCl 

EXTRACT 

Iron IN 

ETHYL 

ACETATE 

EXTRACT 

Iron IN 

ACID 

RESIDUE 

Fe. 


In p.p.m. op dry weight 

Severely chlorotic 
spur leaves 

July 9 

U 

12.8 

8.3 

4.5 

1.4 

Light green spur 
Imves . 

(< 

47 

24.7 

21.2 

3.5 

7.2 

Light green leaves 
from shoot ter¬ 
minals . 

i 

it 

7 

15.2 

12.7 

2.5 

8.3 


The results of the ethyl acetate extractions are presented in table V. 
Practically all the iron in the HCl extract was removed by ethyl acetate. 
The small quantities found in the acid residue may have been due partly 
to traces of iron in the reagents used, and partly to some ethyl acetate 
which remained as a fine emulsion in the acid phase. The data in table V 
indicate that practically all of the iron in the a^id extract is present as 
ferric iron, or in a form which is readily converted into In this 

respect no difference exists between the active and the inactive iron in 1.0 
NHCl. 

This fact, however, does not disclose in what form the active and the 
inactive iron respectively are present in the living cell. So much, however, 
can be concluded: these two forms af iron are present in the leaf cells in 
compounds which can te dissolved^ or readily converted hy 1.0 N HCl into 
ionic iron or ionizable iron. It may be of interest to note that all the iron 
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compounds used successfully in this investigation for the cure of chlorosis 
were compounds which in aqueous solutions dissociate, at least partly, into 
ferric or ferrous ions. An attempt to treat chlorotic trees with potassium 
ferrocyanide, which in aqueous solution does not yield ionic iron in appre¬ 
ciable amounts, was not successful on account of the injurious effects of 
potassium ferrocyanide on the trees. No conclusion, therefore, can be 
drawn from this experiment regarding the ability of pear leaves to convert 
a non-ionic iron compound into active iron. 

Since it has been found in several leaf samples that the amount of active 
iron greatly exceeds the amount of iron extracted with water, or the amount 
of iron contained in the ‘Wacuolar sap,’' it is thus inferred that ihe active 
iron is not present in these leaf samples in solution; at the most only part 
of it is soluble. 

Pear leaf tissue tested microchemically for iron with potassium ferro¬ 
cyanide and potassium ferricyanide yielded negative results. Positive 
tests were obtained only with leaves which were taken from trees treated 
with iron. The positive reaction in these leaves was observed only in and 
near parts which showed injury effects due to an excess of iron. The micro¬ 
chemical tests thus carried out were not numerous, but the results obtained 
are in agreement with those of Milad (8). This is not necessarily proof 
that no ionic iron readily soluble in hydrochloric acid exists in pear leaves. 
It has already been shown that the amount of active iron in pear leaves is 
not large, and it probably seldom exceeds 50-80 p.p.m. of the dry weight; 
often it is much less than that. Such an amount of iron when distributed 
in an excess of reagent may be diluted to the extent that it remains in solu¬ 
tion notwithstanding the presence of large amounts of ferri- or ferro¬ 
cyanide. 

TABLE VI 

Valuiis or E foe various leap samples 


Leaves collected peom 

Plant 

Date op collect¬ 
ing SAMPLE 

£ 

Spurs. 

Hardy pear 

April 

29 

22.1 

Spurs. 

(( 

May 

13 

25.1 

Spurs. .. .. 

(( 

May 

27 

37.7 

Spurs. 

ti 

June 

16 

38.3 

Spurs . 

it 

July 

9 

22.0 

Base of shoots . 

it 

July 

9 

22.7 

Middle of shoots .. . 

11 

July 

9 

33.2 

Terminal end of shoots. 

ti 

July 

9 

44.3 

Middle of shoots. 

Peach 

July 

20 

33.4 

Middle of shoots . 

Apricot 

July 

20 

20.7 








OSERKOWSKY: CHLOROPHYLL AND IRON 


465 


It is also possible that an appreciable fraction of the ionic iron is pres¬ 
ent as complex in the HCl extract, tied up with organic acids. The iron 
in these complexes may be readily ionizable, but the concentration of 
or in the extract may be too small to yield a positive test 

with K 3 Fe(CN)e or K^Fe(CN)e. 

The slope of the lines in figure 1 and figure 5 is given by the 

-- chlorophyll content • vx « i x* • 

ratio E =-:- per unit weight of leaves. This ratio is 

active iron ® 

therefore a measure of the efficiency of the active iron in chlorophyll forma¬ 
tion. In table VI the values of E are presented for ten series of samples. 
The values of E in this table are expressed in mols of chlorophyll® per gram 
atom of active iron. No consistent correlation is revealed between the age 
of the leaves and the value of E. The fact that the values of E are large 
and variable leads to the conclusion that it is highly improbable that the 
active iron is combined with the chlorophyll in a stoichiometrical relation 
if it is combined with it at all. 

Iron is known to catalyze oxidation processes in living substances. The 
formation of chlorophyll in the living plants is, most likely, associated with 
an oxidation process, since several investigators claimed that the rate of 
chlorophyll formation in seedlings was greatly impeded by low oxygen pres¬ 
sure in the air surrounding the plants (for example, Correns 4 ). The 
active iron presumably does not form a part of the chlorophyll molecule; 
it is likely, therefore, that its function consists in catalyzing an oxidation 
process or some oxidation processes connected with chlorophyll formation. 

Emerson (5) succeeded in growing Chlorella in sugar solutions defi¬ 
cient in iron. The algae in such solutions were devoid of, or deficient in, 
chlorophyll; but their rate of respiration was substantially the same as 
that of normally green Chlorella, The fact that the chlorotic algae had a 
normal respiratory rate suggests that they were not subnormal in regard 
to the amount of “respiratory ferment’^ they contained. In spite of this 
they were decidedly subnormal in their chlorophyll content. It seems, 
therefore, improbable that the active iron is identical with the respiratory 
iron ferment of Warburg (16). 

The nature and the localization in the cell of the inactive iron are also 
uncertain. The inactive iron extracted with 1.0 N HCl may differ from 
the active iron only in regard to its localization in the cell, ie,, it may be 
present only in the interior of plastids or other protoplasmic bodies. On 
the other hand, it is equally plausible that the inactive iron compound may 
differ from the active in its chemical composition; nor is it certain that the 

« One mol of chlorophyll wae taken as equal to 897.4 which represents an average 
value for chlorophyll (a + h), on the assumption that the ratio of chlorophyll a to chloro¬ 
phyll b is 3. 



466 


PLANT PHYSIOLOGY 


inactive iron in the acid extract is derived from one compound only. This 
last statement may be applied also to the active iron. 

The writer wishes to emphasize that while it is common to find chlorotic 
leaves which contain as much or more iron than green leaves of the same 
age, the inability to utilize iron for a normal development of chlorophyll 
is confined to leaves with a low content of iron during at least the first part 
of the growing season. This statement does not necessarily apply, of 
course, to yellow leaves in which the development of chlorophyll is abnor¬ 
mal, due to other causes than those which are responsible for lime-induced 
chlorosis. 

This fact would indicate that the occurrence of chlorosis is not entirely 
independent of the amount of iron in the leaves. Indeed, a comparison of 
the iron content of leaves in the chlorotic orchard C with that of green 
leaves from orchard S, in a region free of chlorosis (fig. 6), shows that the 



iron in leaves from orchard S is on a higher level throughout the period of 
active growth. From experience the writer is inclined to conclude that the 
occurrence of chlorosis is highly improbable in pear leaves, the iron content 
of which remains above, say, 70-80 p.p.m. (on the dry-weight basis) dur¬ 
ing the first two or three months of their growth. An explanation for this 
fact is offered by the suggestion that a certain equilibrium exists between 
the active iron and the inactive iron in pear leaves. In leaves containing 
a small amount of iron, the balance between the two forms of iron may be 
shifted in such a way as to prevent the formation of an adequate amount 
of active iron for normal chlorophyll formation; while in leaves rich in 
iron, the active iron (although it may be only a small fraction of the total 
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iron) is present in sufficient amount for the normal development of chloro¬ 
phyll. 

Summary 

1. Chlorotic pear leaves may contain as much or more iron than green 
leaves of the same age and taken from the same trees, regardless of whether 
the iron content is expressed on the fresh-weight or the dry-weight basis. 
The iron content, however, of green leaves from trees grown in districts 
free from chlorosis is higher than the iron content of either green or yellow 
leaves from chlorotic trees. Lime-induced chlorosis (dealt with in this 
paper) is confined to leaves in which the iron content is relatively low dur¬ 
ing the first two or three months of the growing season. 

2. No correlation exists between the amount of iron extracted from pear 
leaves with water and with 0.5 N HCl and the chlorophyll content 
of leaves. 

3. Only part of the iron in leaves, the active iron, is effective in chloro¬ 
phyll formation. 

4. A method is described for the estimation of the active iron in leaves, 
which is based on the assumption that the active iron, or its derivative, is 
contained in the 1.0 N HCl extract of dried leaves. 

5. The chlorophyll content of leaves from chlorotic plants is propor¬ 
tional to the amount of active iron in the leaves. 

6. The iron of the compound active in chlorophyll formation is present 
in the 1.0 N HCl extract as ionic iron or in a compound which readily 
yields ionic iron. 

7. The values of the ratio —- in leaves varies widely in dif- 

active iron 

ferent sets of leaves. It is inferred from this fact that the active iron is 
not present in leaves in a stoichiometrical combination with chlorophyll, 
if it is combined with it at all. 

The writer wishes to express his appreciation to Dr. J. P. Bennett for 
the valuable assistance, suggestions, and criticisms offered throughout the 
work. 

Univebsitt or CAuroRNiA 
Bebkelbt, California 
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INDIRECT COLORIMETRIC METHOD FOR THE DETER¬ 
MINATION OP CALCIUM^ 

E. M. Emmkrt 
Introduction 

The method described in this paper enables the rapid and accurate de¬ 
termination of calcium in a series of samples which do not differ greatly in 
their calcium content. As with other colorimetric methods, it is particu¬ 
larly useful when small amounts of the element are to be determined. It 
differs from other colorimetric methods in that large amounts of Ca can 
also be determined accurately by proper adjustment of reagents. 

When the amount of calcium is relatively large and large differences 
from sample to sample are to be expected, the oxalate titrimetric method of 
McCrudden (5) would be preferred, since under these conditions numerous 
preliminary tests would be necessary in the colorimetric method here pre¬ 
sented. This colorimetric method, however, is especially well adapted to de¬ 
tect the effect of varying treatments on the calcium content of biological 
material in which these treatments cause only small but significant varia¬ 
tions in the calcium content. In this case few preliminary tests would be 
necessary. If phosphorus is to be determined at the same time as calcium, 
the colorimetric method enhances rapidity as well as increases accuracy for 
small amounts of calcium. 

Basic principles 

When excess sodium hydroxide is added to a solution containing iron, 
magnesium, calcium, and phosphate, in the absence of ammonia salts, iron 
and magnesium are precipitated as hydroxides while calcium is precipitated 
as tricalcium phosphate. Iron and magnesium phosphates are not precipi¬ 
tated because they are more soluble than the hydroxides of these metals. 
Calcium hydroxide, however, is relatively soluble as compared with trical¬ 
cium phosphate; therefore only calcium causes a reduction in the phosphate 
content of the alkaline solution. This reduction of phosphate may be mea¬ 
sured very accurately by the colorimetric method for phosphorus, and from 
this the amount of calcium may be calculated. 

Interference 

Significant amounts of the ammonium ion would interfere since mag¬ 
nesium hydroxide would tend to be dissolved and magnesium ammonium 

^ The investigatioii reported in this paper is in connection with a project of the 
Kentucky Agricultural Experiment Station and is published with permission of the 
Director. 
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phosphate precipitated. The ammonium ion may be eliminated in the usual 
ways, such as by igniting the salts or boiling with strong sodium hydroxide. 

Any material which colors the solution and is not precipitated out of the 
solution by sodium hydroxide will interfere. If the color is organic it may 
be oxidized and eliminated by sodium chlorate (1) or ignition in a muffle 
furnace. Aluminum and most other metals likely will act similarly to iron 
and not interfere, although if some such elements are present in significant 
amounts their effect on phosphate in alkaline solution should be tested. 

If the amount of phosphate in the sample is large as compared with the 
calcium present, the method is not very accurate, since the reduction in 
color by the calcium will be too small. This may be overcome by adding a 
known amount of calcium to reduce the phosphate color to the correct point 
and computing the calcium by subtracting the added calcium from the total 
calcium found. 

Determination of phosphate 

The exact amount of phosphate in the unknown must be found prelimi¬ 
nary to the calcium determination. Take a suitable neutral aliquot (10-70 
ce.), make to about 70 cc., add 10 cc. of 2.5 per cent, ammonium molybdate 
in 5 N sulphuric acid and 3 cc. of 1, 2, 4 amino-naphthylsulphonic acid (4), 
and make up to 100 cc. After five minutes compare with a standard blue 
phosphate solution which was prepared at the same time as the unknown. 
This is made by developing the color from 1 cc. of the dilute phosphate 
standard (reagent 3) as just described. 

Approximate determination of calcium 

To a 20-cc. aliquot of the calcium unknown solution add enough phos¬ 
phate to make about 0.3 mg. of P with the phosphate already in the un¬ 
known. Make alkaline to phenolphthalein with 10 per cent, sodium hy¬ 
droxide and add 2 cc. in excess. Make up to 50 cc., shake, and filter 
through a dry filter. Test a 20-cc. aliquot for phosphate. If no blue color 
appears, more than 0.6 mg. of calcium is present. To another 20 cc. of the 
filtrate add enough phosphate standard to make about 3 mg. of P. Shake 
intermittently for a few minutes and filter. If no blue color appears, more 
than 6 mg. of calcium are present. Repeat with varying amounts of phos¬ 
phate until a rough approximation of the calcium is obtained, judging the 
amounts from the colors developed. 

Accurate determination of calcium 

The exact quantity of phosphate in the unknown solution and the ap¬ 
proximate range of calcium must have been determined as directed pre¬ 
viously. For a series of samples of nearly the same calcium content one ap¬ 
proximate determination of calcium is sufficient. 
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To an appropriate aliquot of the calcium unknown add snfScient stand¬ 
ard phosphate so that, with what is already in the solution, the total amount 
is brought up to about the amount indicated in table I for the approximate 
range of calcium as already found in the sample. The exact phosphate 
present must be known and should be sufScient so that the calcium present 
will precipitate between one-fourth and three-fourths of the phosphate pres¬ 
ent. Add a few drops of phenolphthalein and calcium-free 10 per cent, 
sodium hydroxide solution until a pink color persists. Add 2 cc. of the 
sodium hydroxide in excess, shake intermittently for about a minute, and 
make to 50 cc. Shake a few seconds and filter through a dry no. 2 Whatman 
filter or through any filter as retentive as this type of paper. Take an ali¬ 
quot such that the phosphate present is in the range of about 0.1 to 1.0 mg. 
of phosphate phosphorus. Add enough dilute sulphuric acid just to dispel 
the pink phenolphthalein color. Determine the phosphate phosphorus left 
as directed for determining the phosphate in the sample. From the quan¬ 
tity of phosphate in the solution before making it alkaline, and that left 
after making it alkaline and filtering, the exact amount of calcium may be 
calculated. 

TABLE I 

Amounts or phosphate standard to be used 


Approximate 

MG. or Ca 

Amount or P 

NEEDED 

P REAGENT 

Ca milligram equiva¬ 
lents or P solution 

mg, \ 

mg. 

CC , 

mg. 

0 . 1 - 0.5 . 

0,3099 

1 (dilute) 

0.6 

0.5- 1.0 

0.6198 

2 ; 

1.2 

1.0~ 5.0 . . I 

3.0986 

1 10 ‘‘ 

6.0 

5.0-10.0 . . 

6.1972 ! 

20 

12.0 

10.0-20.0 . ; 

12.3944 

3 (concentrated) 

24.0 

20.0-30.0 . . . 

18.5916 

6 << 

36.0 

30.0-40.0 . 

24.7888 

8 

48.0 


Reagents 

1. Concentrated standard phosphate solution: dissolve 3.398 gm. 
KH 2 PO 4 in distilled water and make to 250 cc.; 1 cc. equals 3.0966 mg. of 
P, which is equivalent to 6 mg. of calcium. 

2 . Dilute standard phosphate solution: dilute 10 cc. of reagent 1 to 100 
cc. 

3. Standard calcium solution: dissolve 0.2498 gm. CaCOj in distilled 
water and just enough HCl, and make to 250 cc.; 1 cc. equals 0.4 mg. of Ca. 
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Results 

Table II shows the results of calcium determinations made in the pres¬ 
ence of iron and magnesium. 

TABLE II 

DETEEMINATIOK of calcium in presence or IRON AND MAGNESIUM 


FS PRESENT 

Mg present 

Ca added 

Ca pound 

Percentage 

ERROR 

mg. 

mg. 

mg. 

mg. 

% 

1.0 

0.4 

0.1 

0.1 

0.0 

0.4 

0.4 

0.4 

0.400 

0.0 

0.4 

0.4 

0.4 

0.399 

-0.25 

0.4 

0.4 

0.4 

0.397 

-0.75 

0.4 

0.2 

1.6 

1.590 

-0.60 

4.0 

2.0 

2.0 

2.050 

2.50 

4.0 

2.0 

2.0 

2.050 

2.50 

8.0 

4.0 

2.0 j 

2.003 ! 

0.15 

4,0 

2.0 

4.0 ! 

4.000 j 

0.0 

8.0 

4.0 

4.0 1 

3.981 ' 

-0.47 

8.0 

4.0 

4.0 

4.098 

2.45 

8.0 

4.0 

4.0 

3.981 

- 0.47 

8.0 

4.0 

8.0 

7.930 

-0.88 

4.0 

4.0 

20.0 

20.3 

1.5 

4.0 

4.0 

20.0 

20.0 

0.0 

4.0 

4.0 

0.0 

0.0 

0.0 

8.0 

4.0 

0.0 

0.0 

0.0 


Discussion 

Roe and Kahn (6 ) use the same principle in their colorimetric method, 
but work with the precipitated phosphate instead of the excess phosphate. 
Their paper is the only one found which was at all similar to the method of 
the present paper, and their results simply give further proof of the accu¬ 
racy of the method used in this paper. 

The main objection to the method of Roe and Kahn is that centrifuging 
and special technique are required in washing out the excess phosphate, 
which increases the labor and endangers accuracy. Incomplete washing or 
a slight dissolving of the phosphate is likely to cause error. 

Special care must be taken to wash out excess phosphate if colloidal hy- 
droxes of iron, manganese, and aluminum are present, since they would tend 
to retain the phosphate by adsorption. They will also dissolve along with 
the phosphate and interfere in the colorimetric phosphate test. Other inter¬ 
fering substances precipitated by NaOH would also be dissolved. 

A large excess of phosphate does not seem necessary so long as a sufficient 
excess of OH** ions is present. Of course, the OH~ ions should not be too 
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concentrated, since there is danger of redissolving the calcium phosphate; 
but this is not possible in the procedure here presented, since pH 13 or more 
is necessary according to Boe and Kahn, and the concentration of the 
NaOH here used is only slightly more than 0.1 N. No phosphate test could 
be secured in the filtrate when a solution containing 0.2 mg. of phosphorus 
was treated with 0.8 mg. of calcium and 0.1 normal NaOH and filtered. 
This proves that the complete precipitation of calcium phosphate does not 
depend on the common ion effect in the presence of OH - ions, and only a 
small excess of phosphate as used in the present method would insure accu¬ 
rate results. 

The principle of reducing color has been used previously for determining 
potassium (3) and carbon dioxide (2). This principle deserves as much 
recognition in colorimetry as titration of excess acid and alkali does in volu¬ 
metric analysis. As yet its use is very limited. 

The mathematical progression involved makes the colorimetric readings 
as the color is progressively reduced increasingly accurate. As the calcium 
takes out the phosphate the readings become very accurate. It is apparent 
that by adjusting the phosphate properly, colorimetric readings more accu¬ 
rate than with the ordinary increase in color intensity can be secured, since 
such readings approach infinity as the color loses intensity while the ordi¬ 
nary colorimetric readings approach zero with lessened color intensity. 

Kentucky Aorjcultueal Experiment Station 
Lexinoton, Kentucky 
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POSSIBLE CHANGES IN THE WAXLIKE COATING OP APPLES 
CAUSED BY CERTAIN SPRAY AND OTHER TREATMENTS" 

A number of investigators have studied the effects of arsenic, sulphur, 
and copper sprays on the chemical composition of fruits, particularly citrus 
fruits and apples. With citrus fruits (1, 3, 4, 6 , 8 , 11, 12) it has been 
definitely established that the use of arsenical sprays causes certain changes 
in acid, sugar, and vitamin C, while in the case of apples (2) a possible 
effect of certain fungicides upon the chemical composition has been indi¬ 
cated. Furthermore, results obtained by other workers ( 6 ) who have tried 
to determine the direct effects of the use of oil seem to indicate that its 
application affects the physiological behavior of the plant. 

In view of the wide-spread interest and importance attached to these 
studies, it seemed desirable to report data dealing with possible changes in 
the waxlike coating of apples caused by certain spray and other treatments. 
While it is difficult, at the present time, definitely to evaluate the effect of 
changes in the condition of the cuticle on the general metabolism within 
the fruit, it appears very probable that skin condition may play an im¬ 
portant role through its indirect effect on respiratory activity. 

Besides being of interest in connection with the physiological behavior 
of the plant, the study of the effect of different spray treatments on the 
apple is of particular significance in connection with the spray-residue 
removal problem. In the west a large percentage of the harvested apple 
crop is washed with chemicals to reduce the quantity of arsenic remaining 
from spray materials to the amount permitted by law, and it is claimed 
that the successful removal of the residue is often prevented or rendered 
difficult by the use of oil as a component of the spray mixture used for the 
control of codling moth. One of the explanations offered (10) to account 
for this difficulty is based on the assumption that the oil from the spray 
mixture coats the lead arsenate particles and protects them from the 
solvent action of the acid employed to remove the arsenic. While it is 
known that mineral oil penetrates leaves by way of the stomata (6), it is 
not definitely known whether the oil sprayed on apples remains on the 
surface admixed with the natural waxlike coating or volatilizes before 
harvesting time, as claimed by Regan (9). In one of the apple cleaning 
processes used, the fruit is first treated with an alkaline wash at about 
110® F., then washed, brush-dried, and atomized with a slightly warmed 

1 From the Division of Horticultural Crops and Diseases, Bureau of Plant Industry, 
in cooperation with the Food Kesearch Division, Bureau of Chemistry and Soils, United 
States Department of Agriculture, Washington, D. C. 
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mixture of mineral oil and paraflSn wax. Examination of the cuticle of 
apples thus treated should indicate the effect of such treatment on the 
quantities of natural waxlike constituents. 

Through the kindness of F. L. Overley and A. Spuleb, of the Washing¬ 
ton Agricultural Experiment Station, it was possible to examine Jonathan 
apples from Wenatchee, Washington, some of which were unsprayed and 
others of which were subjected to different spray treatments. All of the 
trees from which these samples were collected were located rather close to 
one another in the same orchard. Fruit was sampled within a few hours 
after harvesting. Two samples of Jonathan apples grown in Yakima, 
Washington, were also examined, one before, and the other after, receiving 
a treatment consisting of an alkaline wash followed by atomizing treatment 
with mineral oil and parafiSn wax. 

The results of this study are presented in table I. The methods used 
in sampling and in determining the apple surface constituents, namely, 
ursolic acid, oily fraction, and total ether extract, are the same as those 
previously reported in detail (7). The method of determining cutin will 
be reported in a later paper. Briefly, it consisted of hot acid and alkali 
extraction of the cuticle, after extraction with ether and alcohol, and 
saponification of the remaining cutin with alcoholic potash, the loss in 
weight after saponification being considered the amount of cutin. 

It will be seen from an examination of the data that individual as well 
as averaged values for ursolic acid, oily fraction, and total ether extract 
representing the non-oil-sprayed and the glycerin and oil-sprayed fruit are 
higher than corresponding values representing the check or unsprayed fruit. 
With but few exceptions the individual values are higher for the oil-sprayed 
than for the non-oil-sprayed samples. In those cases where cutin was deter¬ 
mined the oil-sprayed samples show higher values than the non-oil-sprayed 
samples and the unsprayed fruit. With fruit treated with an alkaline wash 
and then atomized with a mixture of mineral oil and parafiSn wax, the oily 
fraction appears to be increased by the applications. 

The data indicate that the ursolic acid and oily fraction increase in ap¬ 
proximately the same proportions; therefore it is not believed that any ap¬ 
preciable increase in the naturally occurring oily fraction can be ascribed to 
a direct accumulation on the surface of the apple of mineral oil from the 
spray mixture, provided the mineral oil is of relatively low viscosity and the 
oil spray is not applied too late in the season. It seems, therefore, that the 
diflSculty experienced in removing spray residues by cleaning processes can¬ 
not be attributed directly to an accumulation of mineral oil from the applied 
spray, but rather to an increase of all the ether-soluble waxlike constituents 
resulting from a physiological stimulation. It should be borne in mind, 
however, that the application of mineral oil to the surface of the fruit might 
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* Two pounds .in 100 gallons. 

t Mineral seal oil, 3/4 per cent.; figures in parentheses following oil refer to viscosity in seconds, Saybolt. 
t A calcium caseinate spreader; 1/2 pound in 100 gallons. 
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exert a semisolvent action on the natural waxy coating, causing the lead par¬ 
ticles to be more easily and firmly encompassed. After the disappearance 
of the spray oil, whether by volatilization or otherwise, the natural waxy 
constituents would then remain and form a more compact coating which 
would protect the arsenate particles against the solvent action of the clean¬ 
ing fluid. Such action would be much more noticeable on varieties which 
are characterized by unusually high quantities of natural waxy coating, 
such as Arkansas Black and Esopus Spitzenburg.—K. S. Markley and 
Charles B. Sando, TJ. 8. Department of Agriculture, Washington, D. C. 
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GAS INJURY TO PURE CULTURES OP 8PIR0DELA 

An instance of severe injury to Spirodela polyrhiza (duckweed) grow¬ 
ing in pure culture in a modified Knop’s solution is here reported. This 
injury was caused by introducing small amounts of illuminating gas into 
the culture flask during transfer of the plants from one flask to another. 
The cultures were maintained in a sterile dilute Knop ^s solution, 250 cc. per 
500-cc. flask, and were protected by a cotton plug over which was placed an 
inverted tall beaker (150 cc.). The latter was used to protect the stopper 
from dust, as it is advisable to have loose plugs for this type of work, on 
account of possible interference with gas exchange. 

During the transfer of a single plant from one culture flask to another 
there was severe injury, not only to the transferred plant, but also to the 
culture from which the transfer had been made. The latter was sometimes 
lost entirely. The cotton was always flamed before removal, and again after 
it had been replaced. This was thought necessary because the cultures are 
often maintained for many weeks and are exposed to dust during that time. 
The interior of the beaker was flamed while held in an inverted position and 
was quickly placed over the cotton plug. The open neck of the flask was 
never flamed directly. Following this procedure the plants were almost 
always severely injured, as shown by abscission of the roots, separation of 
the plants into their component units, and death of nearly all the green por¬ 
tions except the region around the growing point at the node. After from 
one to two weeks the injured plants regenerated new leaves and roots, again 
producing normal colonies. Under these circumstances the intended ex¬ 
periments could not be made. 

After some attempts to determine the cause of the injury, it was finally 
learned that unburned or partly burned gas was being introduced into the 
flask when the flamed inverted beaker was replaced over the neck of the 
flask. When flaming was omitted no injury whatever occurred, not even the 
loss of roots, which, in Spirodela, is a most sensitive indicator of injury. 

Since flaming of the neck of sterile culture tubes and vessels is a pro¬ 
cedure that has been much followed, although discouraged by many tech¬ 
nicians, it is possible that occasional failure of growth in cultures is some¬ 
times the result of this precautionary technique. Such injury would be 
more evident in those instances in which small numbers of individuals are 
transferred. It is possible that gas injury may have been encountered by 
others during the transfer of pure cultures of green plants or of bits of 
fungus mycelium. 

Since Spirodela is sensitive to injury by fuel gas, an experiment was 
made to determine the relation of time of exposure to degree of injury. 
Pure cultures of vigorously growing plants were exposed to an atmosphere 
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consisting entirely of illuminating gas. This was a carburetted water gas 
with an illuminant content of 10.2 per cent. After exposure the gas was 
removed by a stream of air passed into the flask until no more odor was de¬ 
tected. Exposures were made for 5, 7, 8, and 10 minutes. Within less than 
an hour later severe injury could be detected in all cases. The leaves became 
a pale whitish green, indicating chlorophyll decomposition, the surface be¬ 
came slightly concave (in contrast with the normal slightly convex appear¬ 
ance), and numerous drops of liquid were exuded on the upper epidermis, 
most numerous about one-third the distance from the node to the tip. Later 
the roots separated from the plants. All plants after the 10-minute ex¬ 
posure were killed, and but few survived after a 5-minute exposure. 

It is suggested that Spirodda may be used in a technique for detecting 
the presence of illuminating gas in soils, where high concentrations are often 
present as the result of leaks in gas mains. True^ has described a technique 
for this purpose, using the sweet pea. It is doubtful whether Spirodda is 
as sensitive to traces of illuminating gas or ethylene as those plants studied 
by Crocker^ and his coworkers.— ^Albert Saeger, Cornell University, 
Ithaca, New York 

OCCURRENCE OP DULCITOL IN IBIDEAE LAMINARIOIDES 
(RHODOPHYCEAE) 

In studying the nature of the cell wall constituents of Irideae laminarU 
aides, which grows abundantly on the rocks of the Pacific Coast, at Moss 
Beach, California, the investigation was primarily concerned with a poly¬ 
saccharide, galactan, which consists chiefly of galactose units. The writer 
was also interested in determining whether or not the metabolism of this 
plant is based on a sugar such as glucose or sucrose, as in the higher plants, 
or on a carbohydrate other than these. 

Material was collected at four different times of the year, on May 12, 
June 20, August 28, and October 27 of 1932. The plants were extracted 
with alcohol and analyzed for reducing and total sugars. All of the samples 
failed to give a reducing value with Fehling’s solution either before or after 
hydrolysis. On concentrating the alcoholic extract, however, a thick syrup 
was obtained. 

Since the presence of mannitol in brown algae was reported by Kylin 
(6, 6) in 1913-1915, and more recently by Haas and Hill (4), it seemed 
likely that this syrup might contain the alcohol. Its isolation was therefore 

1 True, R. H. Florists Exchange 73: 13. 1930. 

2Crockee, Wm. Florists Exchange 70: 15. 1929. Also in Boyce Thompson Inst. 
Prof. Papers 11: 81-85. 1929. And later publications in Contrib. Boyce Thompson 

Inst. 
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attempted. The plants were boiled for 15 minutes in 95 per cent, alcohol 
immediately after collection, then dried in a vacuum oven at 40® C. One 
hundred and fifty grams of the dry tissue were ground up and sieved. The 
ground material was then extracted in a large Soxhlet with 80 per cent, 
alcohol, and this extract was combined with the alcoholic portion in which 
the plants had been boiled immediately after collection. The combined solu¬ 
tion was treated with lead acetate, the excess of lead removed with 2 per 
cent. H 2 SO 4 , and the lead sulphate filtered off. The filtered solution was 
then treated according to the method of Haas and Hill (4) for prepara¬ 
tion of mannitol, but no crystalline form of this alcohol could be obtained 
from the syrup. A portion of the syrup was placed in the vacuum oven 
and concentrated at 80® C. for 12 hours, the syrup then being weighed and 
its specific rotation observed. The substance showed no rotatory power; 
also, the addition of borax ( 1 ) to this solution did not increase its rotation. 
This fact furnished additional proof of the absence of mannitol. 

Since the Irideae laminarioides contained a considerable amount of ga- 
lactan, it was suspected that the sugar alcohol of galactan, dulcitol, might 
be present. The syrup was extracted again in a Soxhlet with absolute alco¬ 
hol, the extract clarified with charcoal, concentrated to a syrup, and allowed 
to stand for about a week with occasional stirring. White crystals began to 
separate. After recrystallization of these crystals and examination, the fol¬ 
lowing was observed: the specific rotation of this substance, [a]D = 0; melt¬ 
ing point 185®; oxidation with nitric acid yielded mucic acid. These facts 
constitute conclusive proof that this substance isolated from Irideae lami¬ 
narioides was dulcitol, 

Haas and Hill (2, 3) have recently reported the occurrence of dulcitol 
and sorbitol in a red alga, Brostrychia scorpioides. On examination of eight 
other species of Rhodophyceae, however, they found no evidence of the pres¬ 
ence of either dulcitol or sorbitol. 

The isolation of dulcitol from Irideae laminarioides, therefore, confirms 
the occurrence of dulcitol in red algae found by Haas and Hill. 

The polysaccharide galactan isolated from Irideae laminarioides is pre¬ 
cipitated out from 95 per cent, alcohol and is obtained in the form of 
threads. It absorbs many times its own weight of water and forms a col¬ 
loidal solution. It gives no reducing value, but after hydrolysis with 2 per 
cent, sulphuric acid it strongly reduces Fehling^s solution. Upon oxidation 
with nitric acid it yields mucic acid. This polysaccharide is being investi¬ 
gated at the present time. 

It is conceivable that a possible equilibrium exists between the poly¬ 
saccharide, galactan, and the sugar alcohol, dulcitol. This may be analogous 
in the carbohydrate metabolism of the plant to the equilibrium that exists 
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between starch and glucose in higher plants. This suggestion supports the 
idea that the metabolic process of some of the algae may depend upon carbo¬ 
hydrates other than glucose or sucrose. In the case of Irideae laminarioides 
this is probably dulcitol.— W. Z. Hassid, University of California, Berkeley, 
Calif. 
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MOVEMENT OP ORGANIC MATERIALS IN PLANTS: 

A CORRECTION 

In a recent note upon the mechanism of translocation,^ the writers 
criticized the use made by Crafts^ of the Poiseuille expression for uniform, 
non-turbulent, viscous flow in a capillary of known dimensions. To this 
criticism in all its general aspects we still adhere, especially in so far as it 
refers to the inapplicability of the formula in question to a ‘‘flow^^ which 
is clearly not uniform, and also to the comparison made between the whole 
phloem wall substance and the pores in the sieve plates as possible avenues 
for translocation. The basis of the latter criticism is that Crafts by treat¬ 
ing the whole phloem wall substance as a single, circular capillary, derived 
pressures which can have no possible relation to the actual pressures in¬ 
volved in the production of a flow of the desired dimensions in the phloem 
wall. These are unjustifiably compared with pressures calculated to refer 
to flow through the pores in the sieve plates. 

In the attempt to pursue Crafts^ own method and insert a dimension 
(one half the mean wall thickness) which, on the assumption of flow 

1 Steward, F. C., and Priestley, J. H. Movement of organic materials in plants; A 
note on a recently suggested mechanism. Plant Physiol. 7: 165-171. 1932. 

2 Crafts, A. S. Movement of organic materials in plants. Plant Physiol. 6: 1-38. 
1931. 
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through the whole wall, would lead to a more probable pressure an error 
has been made, an error which we have realized following correspondence 
with Dr. Crafts and which we now desire to correct. The treatment 

(p. 167) which actually led to a factor by which Crafts' derived pres¬ 
sures should be multiplied ought to have led to the factor It will be 

clear from the context, however, and from the subsequent discussion (which 
points out that even thus modified the treatment cannot be accepted), that 
this error does not materially affect our general criticisms.—P. C. Steward 
and J. H. Priestley, Vniversihj of Leeds, England. 




NOTES 


Annual Election.—The results of the annual election ^of the American 
Society of Plant Physiologists have just been announced by the Secretary- 
Treasurer as follows: President for 1933-1934, Dr. C. 0. Appleman, 
University of Maryland; Vice-President, Dr. H. R. Kraybill, Purdue 
University; Secretary-Treasurer for 1933-1935, Dr. A. B. Murneek, Univer¬ 
sity of Missouri. The new officers inherit some difficult problems arising 
from the depression. In attempting to solve these problems, they will need 
and expect cooperation from the entire membership. The same optimism 
and courage that made possible the establishment of a good journal for 
publication of research will be able to conquer the present difficulties. 

Summer Meeting.—The summer meeting of 1933 was held in Chicago 
on June 20-22, in connection with the programs of Sections G and 0, 
A. A. A. S., the Botanical Society of America, the American Phytopatho- 
logical Society, and the American Society of Agronomy. The special 
meeting for plant physiologists was a symposium on “Radiation and Plant 
Life’' on eJune 22. Lively discussion of the papers featured the meeting, 
and enhanced the value of the conference. 

Boston Meeting.—The tenth annual meeting of the Society will be held 
in Boston in December, 1933. The program will be arranged by a program 
committee, as usual. The chairman of this committee is Dr. B. E. GiliBERt, 
Director of the Rhode Island Agricultural Experiment Station. Prompt 
response to requests of the committee will be greatly appreciated. 

Membership Committee.—A large membership committee was ap¬ 
pointed by President D, R. Hoaoland, with Dr. Laurenz Greene, of Pur¬ 
due University, as chairman. The October number of Plant Physiology 
will be small, since it is necessary to utilize reserves in order to provide 
an October issue. Those who drop subscriptions during the depression are 
voting to discontinue the facilities for publication of research. At the same 
time, authors are more urgent about the appearance of their papers than 
in normal times. With more material on hand than can be used promptly, 
each member of the society should aid the membership committee to enlarge 
our funds for publication. Every new member helps just that much. 
Each fee pays for one page of printed matter. A few orders for back 
volumes would be valuable in providing larger funds for immediate use. 
It is not a question of whether one can afford to subscribe for journals at 
this time, but whether we can afford not to maintain the usual outlets for 
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publication of material. Research is without much value until it has been 
published and its results utilized by mankind. 

Purdue Secti 9 n.—The Purdue Section of the American Society of Plant 
Physiologists has just completed another successful year. There are 32 
members, 11 of whom are members of the national organization. The aver¬ 
age attendance has been about 25 at each biweekly meeting. Aside from 
the regular program, two dinner meetings were held. The first was a joint 
meeting with the Purdue Section of the American Chemical Society at 
which Dr. K. P. Link, of the University of Wisconsin, gave an interesting 
discussion on the biochemistry of certain plant diseases. The speaker at 
the final meeting was Dr. I. L. Baldwin, of the University of Wisconsin, 
who discussed the legume or root nodule bacteria. 

The program for the regular meetings was as follows: 

November 7, Chemical and varietal studies of the consistency of canned 
pumpkin. D. M. Doty. 

November 21, Separation and identification of viruses occurring in sola- 
naceous plants. R. W. Samson. 

December 5, Virus diseases of various species of Frunus, J. A. McClin- 

TOCK. 

January 16, Joint evening meeting with the Biological Society. Reports 
of the Atlantic City meeting of A. A. A. S. 

February 6, Some effects of light on the growtli of asters. M. W. Ricii- 

MAN. 

March 6, Recent studies on cold tolerance of corn. J. R. Holbert, 
U. S. Department of Agriculture. 

March 20, Root development in hardy and non-hardy wheat varieties. 
W. W. WORZELLA. 

April 17, Effects of various salt solutions on respiration in seeds. W. 
W. Jones. 

At the last regular meeting the following officers were elected for the 
year 1933-1934: Dr. G. N. Hoffer, Chairman; Mr. R. B. Withrow, Secre¬ 
tary and Treasurer.—W. W. Jones, Secretary. 

International Critical Tables. —An index has finally been provided for 
this important work. The price quoted to subscribers is $3.00 for this 
volume. The McGraw-Hill Book Co. has rendered a great service to science 
in the publication of these tables, which are now rendered much more useful 
through careful indexing of the entire work in one volume. 

Handbook of Plant Analysis. —The third volume of G. Klein ^s Hand- 
buch der Pflanzenanalyse was published by the Vienna plant of Julius 
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Springer. It is an immense volume, 1613 pages, bound in two separate 
parts. The first half, 806 pages, contains methods of analysis for membrane 
substances, natural tannins, lichen acids, ethereal oils, caoutchouc and gutta¬ 
percha, and resins. The second half, 807 pages, is devoted to many types 
of glucosides (aliphatic and aromatics, flavones, anthocyanins, anthracenes, 
hydrocyanic, indoxyl, mustard oils, saponins, digitalis, and other obscure 
types), and pigments (carotinoids, chlorophyll, algal pigments, fungal and 
bacterial pigments, and other slightly studied pigments). An appendix 
treats lignin analysis. The index alone occupies 137 pages. It is not pos¬ 
sible to describe the work in detail here. It is an extremely compendious 
handbook, and represents an enormous amount of labor on the part of the 
authors, editor and publishers. Orders may be sent to J. Springer, Schot- 
tengasse 4, Vienna I. The price of this volume in two parts is RM 162 
unbound, RM 168 bound in cloth. 

Manual of Plant Biochemistry.—Plant physiologists and biochemists 
-will be interested to know that Dr. W. E. Tottingham is preparing a 
manual of plant biochemistry which will be published in a few months by 
the Burgess Publishing Co., 519-521 Second Ave. So., Minneapolis, Min¬ 
nesota. Only a portion of the work has been examined, and no price can 
yet be quoted. Inquiries can be addressed to Mr. C. S. Hutchinson, of 
the Burgess Co. 

Microbiology of Forest Soils.—The microflora and mierofauna of for¬ 
est soils are unique. A volume of D. Peii^r, Untersuchungen fiber die 
Mikrobiologie des Waldbodens, has been published by J. Springer, Berlin. 
It contains eleven chapters, 272 pages. There is a table of contents, but 
no index. Methods of research are described, bacteria of forest soils, pro¬ 
duction of CO 2 , nitrogen cycle, seasonal changes in biological transforma¬ 
tions, microbiological characteristics of sandy forest soils, fungi and algae 
in European forest soils, and protozoa of forest soils. An appendix deals 
with the special microbiological problems of alkali soils. The chapter on 
protozoa is by L. Varga, and the alkali (Szik-Boden) soils are discussed 
by R. Bokor. The work is a very valuable contribution, represents ten 
years of research in the Institute of which Peh6r is the director, and brings 
much new information into brief compass. The price quoted is RM 24 
for paper binding. Orders should be addressed to J. Springer, Linkstrasse 
23-24, Berlin W9. 

Principles of Plant Physiology.—^A revised edition of this work by 
Dr. 0. L. Raber has been published by Macmillan Co., at $3.00 per copy. 
The general plan of the work remains unchanged. On the assumption that 
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we know more about aerobic respiration than anaerobic, the former is 
treated first, as a “known” from which to approach the “unknown.” The 
facts of anaerobic respiration, however, are probably better substantiated 
than those of aerobic respiration, if we consider respiration as a chemical 
process. Students will find it a helpful introduction to plant physiology. 
Citations of recent literature have been liberally used. The book includes 
portraits of a number of living plant physiologists and plant chemists. 
Some errors that marred the first edition have been eliminated. 

Plant World in Florida.—A very attractive book, the collection of the 
notes and writings of Dr. Henry Nehrling, who died in 1929 after a long 
experience with Florida’s fiora, has been edited by Alfred and Elizabeth 
Kay. It carries a preface by David Fairchild, whose explorations were 
so delightfully presented to lovers of nature a couple years ago. Many 
groups of plants are described, always in alphabetic order within the group, 
so that it is easy to find the description and notes concerning any important 
member of the Florida vegetation, A fine portrait of Dr. Nehrling adorns 
the work as a frontispiece. The book was sponsored by the Garden Club 
of Palm Beach. The price is $3.50 per copy, and orders for it can be sent 
to the publishers, Macmillan Co., New York. 

Plant Names.—The Macmillan Co. has also published a little volume by 
Dr. Liberty Hyde Bailey, on How Plants Get Their Names. Many bota¬ 
nists will be helped by this work, especially beginners who wish to under¬ 
stand the problems of nomenclature. It is written in very simple language, 
so that even a layman can grasp it. A long list of specific names with their 
pronunciations, and with their probable meanings in plain English, is a 
valuable feature of this handy little volume. It is quoted by the publishers 
at $2.25 per copy. 
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CONCENTRATIONS OP INORGANIC IONS AS RELATED TO 
GROWTH OF EXCISED ROOT-TIPS OP 
WHEAT SEEDLINGS 

Philip B. White 
(with seven figures) 

Introduction 

Growth of excised wheat root-tips, as influenced by H-ion concentration 
of the medium, volume of the medium, temperature, illumination, and or¬ 
ganic nutrition was considered in an earlier paper ( 10 ). The present con¬ 
tribution deals with additional preliminary experiments on growth of the 
same kind of root-tips as related to concentrations and proportions of 
inorganic ions (other than H^ and OH") in the medium. 

Except as otherwise stated, experimental procedures were like those 
described in the paper just referred to: the culture flasks (each with a 
single root-tip) stood in a well ventilated basement room, with temperature 
maintained at about 25° C. and with continuous artiflcial illumination from 
nitrogen-filled Mazda “daylight” lamps; the standard nutrient medium 
used was the Uspenski solution (9), to each liter of which 20 gm. of 

TABLE I 

CIONCENTRATION OP SALTS USED 


CONCENTEAtnOH 



Molar 

Normal 

Mg. per liter 

Ca(NO.), . 

0.0006 

0.0003 

100 

MgS04 . 

0.0002 

0.0001 

25 

KjOO, . 

0.00025 

0.000125 

35 

KNOj . 

0.00025 

0.00025 

25 

KH4»04. 

0.000185 

0.000061 ^ 

25 

Pe.(S04), . 

0.000003 

0.000001 

1.25 


489 






490 


PLANT PHYSIOLOGY 


dextrose was added, with the extract of 0.1 gm. of dry brewers’ yeast. The 
salts of the Uspenski solution, together with their molar and normal con¬ 
centrations and their concentrations in milligrams per liter, are shown in 
table I. 

The total salt concentration was consequently about 0.0015 M., or 211.25 
mg. per liter. Ionization is supposed to have been practically complete. 
Neglecting such small amounts of incompletely ionized salts as may have 
been present, as well as traces of unknown impurities in the chemicals used 
and unknown constituents of the yeast extract added, the standard medium 
may be taken to have contained, besides and OH“, the following 
potential ions in approximately the partial concentrations shown. 

TABLE II* 

Concentration op ions in solution 



Concentration per liter (milligrams) 

Mg.'Ion 

Mg. equivalent 

Mg. 

/K . 

0.940 (Uk) 

0.940 

36.70 

n f* iCa ... 

0.600 (Uc.) 

0.300 

24.00 

Cations . 

0.200 (Uwg) 

0.100 

5.00 

(fo . 

0.006 (Uye) 

0.002 

0.35 


1.45 (tTN 03 ) 

1.450 

91.0 

jso^ 

0.21 (Uso,) 

0.100 

20.0 

Anions / qq"* 

0.25 (Uco*) 

0.125 

15.0 

(po] . 

0.18 (Upo^) 

0.090 

17.5 


* In table II and throughout this paper, the symbols for the several kinds of ions 
appear without their plus or minus signs; thus K is used instead of K+, Fe is used in¬ 
stead of Fe"^++, SO^ instead of SO^", etc. Such usage avoids considerable expense in 
printing and cannot lead to ambiguity in such discussions as this. 

In table II, each partial concentration is shown by three different values, 
each of which might be computed from either of the others: (1) “Milligram- 
ion per liter” is the quotient obtained by dividing the number of milligrams 
per liter, of the ion in question, by the ionic weight of the latter; it corre¬ 
sponds to the familiar “gram-molecules per liter.” (2) “Milligram- 
equivalent per liter” is the quotient obtained by dividing “milligram-ion 
per liter” by the valence of the ion in question; it corresponds to the 
familiar “normal concentration.” (3) “Milligrams per liter” is simply 
the weight, in milligrams, of the ion in question contained in a liter of 
medium; its value is identical with that of the corresponding concentration 
expressed as parts per million, being the corresponding percentage concen¬ 
tration multiplied by 10,000. Relative ionic concentrations rather than 
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relative molar concentrations or relative weights of elements, etc., per liter, 
are of primary interest in comparing nutrient media with respect to their 
physiological influence, as was emphasized in Shivers discussion of ionic 
ratios (7) ; therefore the concentration values considered in this paper are 
always ionic. They are generally referred to the mg.-ion values just given, 
which serve as concentration units. Convenient designations for these 
units are shown in parentheses in table II; for example, 0.94 mg.-ion of K 
per liter (the standard partial concentration of K) is called Uk, 1.45 
mg.-ion of nos per liter is called Unos, etc. Consequently 0.5 IlNOa repre¬ 
sents 0.725 mg.-ion of NOg per liter, etc. 

With the standard medium as a basis, various modifications were tested, 
these being made up with different concentrations of the ions considered. 
There were 127 of these modified media, giving a great number of differ¬ 
ences in ion proportions. The influences exerted on growth by some of the 
main ions of the standard solution were thus studied separately or in pairs, 
as will be seen from the account of results. Each ion studied was employed 
at higher and lower concentrations than were specified for the standard 
medium, which was always used as control. 

The complete omission of an ion in the preparation of a medium did not, 
of course, imply that the ion in question was entirely absent, for very small 
traces of all the main ions may be supposed to have been derived from salt 
impurities or from the yeast extract used. Media designated as ‘‘without 
K,” for instance, probably had unknown but very small concentrations of K. 

To study the ion relations of an organism it would naturally be desirable, 
among other things, to alter the concentration of each ion separately, with¬ 
out at the same time introducing any other alteration in the constitution of 
the nutrient medium; but this is obviously impossible, since ions cannot be 
handled separately, as is possible with molecules. In order to alter the con¬ 
centration of any ion it is necessary to alter the concentration of one or more 
of the other ions also,—an obvious consideration which complicates matters 
exceedingly, although it has seldom been taken seriously into account in 
solution-culture experimentation (see Mobita and Livingston^s (5) plan 
for studying solution cultures of wheat plants in solutions from which potas¬ 
sium was omitted). In the present experiments on excised wheat root-tips, 
the concentration of any ion was decreased by suitably decreasing the con¬ 
centration of its salt or salts and by adding a suitable amount, either of a 
sodium salt with the corresponding anion or of a chloride with the corre¬ 
sponding cation; and the concentration of any ion was increased simply by 
adding to the solution the requisite amount either of the corresponding 
sodium salt or of the corresponding chloride. By this procedure each modi¬ 
fied medium was approximately like the standard medium with respect to 
the concentrations of all the ions of the latter, excepting the ion or ions 
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whose partial concentrations were purposely altered; but some of the modi¬ 
fied solutions differed from the standard solution also with respect to their 
concentration of Na or of Cl, for these extra ions are not included in the 
UsPENSKi solution. For the purposes of this preliminary study, it may be 
tentatively supposed, without prejudice, that these small additions of Na or 
of Cl were not significantly influential upon the growth of the root-tips. 

Each culture flask, with 50 ml. of medium, had a single root-tip. The 
root-tips were measured after a period of 14 days, the length of the main 
root and the total length of all branches being recorded for each culture. 



Fiq. 1. Three-dimensional diagram showing by means of isopleths growth responses 
as related to different concentrations of K and Oa. Kelative growth indices are inscribed 
at the points representing the several combinations of these ions. 

The sum of these measurements gave the total increment of elongation for 
the culture in question. (Because the original excised tips, with which all 
cultures were started, were uniformly only about 3 mm. long, this original 
length may be considered as insignificant.) The growth increments for all 
like cultures in each series were averaged, to give a single numerical growth 
index for the particular solution employed. The relative physiological suit¬ 
ability of any medium tested may be judged by comparing its growth index 
with the corresponding growth index for the standard medium. Photo- 
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graphs of representative root-tips were made in many instances and records 
were kept as to general appearance and amount of branching. 

Experimental results 

Cations 

The influence of K and Ca upon growth was studied in two similar series 
of cultures, carried out at about 26® C. Besides the standard medium there 
were 15 modifications, and each series comprised 10 cultures of each me¬ 
dium. The modified media were like the standard medium in ionic concen¬ 
trations, excepting with respect to the concentrations of K and Ca (and, in 



Pio. 2. Model showing the relations in figure 1, but concentrations are shown here 
as mg.-ions per liter and altitudes are actual growth indices, in mm. 

some instances, with respect to added Na or Cl). The replacements were: 
K 2 CO 3 by NasCOg, KNO 3 by NaNOa, KH 2 PO 4 by NaH^PO,, and CaCNOs)^ 
by NaNOj. KNO 3 was supplemented by KCl, and Ca(NOs )2 was supple¬ 
mented by CaCla. The concentrations of K and Ca in these series are shown 
on the diagram of figure 1. One medium received neither K nor Ca, three 
received no K, and three received no Ca. Those receiving K had K-ion con¬ 
centration of 0.5 Uk, 1.0 Uk, or 1.5 Uk, while those receiving Ca had Ca-ion 
concentration of 0.5 Uc, 1.0 Ua., or 1.5 Uc.. 
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The first of these two series was carried out in continuous darkness. The 
pH values of the media at the end of the culture period were all between 5.4 
and 5.7, a range previously shown (10) to give excellent growth of these 
root-tips. The growth indices obtained, expressed in terms of the index for 
the standard medium (76.0 mm. = 1.00), are inscribed at the points on the 
diagram just mentioned. Bach isopleth thus represents a series of K~Ca 
ratios that were about equally effective for growth of these root-tips. The 
solid diagram of figure 2 represents these results in another way. 

Best growth occurred in the medium having a K concentration of Uk 
{i.e.f 0.94 mg-ion per liter) and a Ca concentration of 0.5 Ucja (^-^-^ 0.30 
mg.-ion per liter). It thus appears that the standard medium might have 
given greater growth had its concentration of Ca been somewhat lower, but 
that its concentration of K was about optimal for the range of salt propor¬ 
tions represented by this experiment. 

It is obvious that if a set of vertical or horizontal profiles were erected 
upon the diagram of figure 1 , the growth relations shown by any profile 
might be very different from those shown by another profile of the same set. 
Any such profile is, of course, the concentration-growth curve as usually 
constructed when an ion is treated as an independent variable, and the 
failure of these curves to coincide under experimental complexes that dif¬ 
fered only slightly and with respect to only one other variable emphasizes 
the necessity of considering all the effective variables in such studies as this. 

In the second of these two series with K and Ca, carried out in diffuse 
natural daylight, the eight media represented by the points on the lower 
half of figure 1 gave results that agreed essentially with those obtained from 
the first series. The best growth, for the same medium as before, showed an 
absolute index value about 15 per cent, lower than in the first series. The 
final pH values of these media were between 5.2 and 5.6, about as in the first 
series. On the other hand, the eight media represented by the points on the 
upper half of the figure were found (for some unknown reason, perhaps con¬ 
nected with autoclaving) to have final pH values as high as 7.2, being thus 
much more alkaline than the corresponding media of the first series. The 
growth indices for these more alkaline media were much lower than those 
for media similar in constitution but with more acid reaction, as shown on 
the figure,—^an observation which is in accord with an earlier conclusion 
(10) that these root-tips gave only relatively low growth indices when the 
pH value of the medium was higher than about 6.0. This unexplained dif¬ 
ference in final pH values between two sets of media intended to be alike 
seems to emphasize the need for extreme care in the preparation and auto¬ 
claving of culture media for studies of this kind. These media were appar¬ 
ently very labile under some of the conditions to which they were subjected. 
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The partial concentration of Mg was varied in six series of cultures. 
Two of these were carried out in darkness, one in continuous weak artificial 
light, and three in more intense continuous artificial light such as was em¬ 
ployed in earlier experiments on light influence (10). The first three had 
Mg concentrations of 0.0, 0.5, 1.0, and 1.5 Ung, and the last had concentra¬ 
tions of 0.0, 0.5,1.0,1.5, 2.0, and 2.5 Uaig. The partial concentrations of the 
other ions were always the same as those specified for the standard medium 
(excepting Na and Cl in some cases). The medium without Mg contained 
Na 2 S 04 instead of MgS 04 ; the media with Mg concentrations lower than 1 
UMg contained both MgS 04 and Na 2 S 04 ; and those with Mg concentrations 
higher than 1 UMg received additional Mg as MgClg. 

The average growth index for all tests in which Mg was omitted was 45 
per cent, greater than the corresponding average for the standard medium. 
When Mg was present at a concentration of 0.5 UMg, the average index was 
somewhat (8 per cent.) smaller than the corresponding control average, but 
this may not be a significant difference. With Mg concentration of 1.5 or 
2.0 UMg, the respective averages for all series were 12 or 13 per cent, greater 
than the control average. With Mg concentration of 2.5 UMg, the average 
for all series was sensibly like the control average. Of course there was 
some deviation among the several series, but the detailed data generally in¬ 
dicate more growth in the medium without Mg than in any of the others. 
The relative growth indices for the medium without Mg in these experiments 
are as follows, the corresponding control index being taken as 1.00: For two 
series in continuous darkness, 0.89 and 1.18; for one series in weak continu¬ 
ous artificial light, 1.08; for three series in more intense continuous artificial 
light, 2.45, 1.48, and 1.63. A representative of the root-tips grown without 
Mg is shown at the left in figure 3; these were straight and of unusually 
great length, but generally only sparsely branched. A comparable repre¬ 
sentative root-tip grown in standard medium with Mg concentration of 1 
UMg) is shown at the center of the figure; these control root-tips were 
much shorter and more crooked but had more branches than those 
grown without Mg. The right-hand root-tip in the figure represents those 
grown with an Mg concentration of 2 UMg; their growth habit was much like 
that of those grown without Mg, but their growth index is 49 per cent. less. 
All three of the root-tips were grown with temperature about 26® and with 
relatively intense continuous artificial illumination, the only difference in 
treatment being with respect to Mg concentration. 

The medium without Mg was somewhat opalescent when taken from the 
autoclave, but precipitation soon ensued, leaving the liquid clear and color¬ 
less. On the other hand, all solutions with Mg were clear when taken from 
the autoclave, and they showed no subsequent precipitation but were some¬ 
what yellowish in color, suggesting that some caramelization of dextrose may 
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B C 



Fig. 3. Representative root-tips grown 2 weeks in media differing only with respect 
to the concentration of Mg: without Mg; B and C, with 0.2 mg.-ion of Mg per liter 

(standard) and 0.4 mg.-ion of Mg per liter respectively. About natural size. 

have occurred in the process of autoclaving. This diiference between the 
medium without Mg and those with Mg was not paralleled by any significant 
difference in pH value. The yellow tint of the media with Mg was found to 
be progressively more pronounced as the concentration of KgCOg was higher. 
These observations led to the suggestion that a medium with a concentration 
of COg less than Ucos might perhaps give more vigorous growth than was 
given by the standard medium. 

The concentrations of both Mg and CO^ were therefore varied, in a single 
experiment which was carried out at about 24° and with continuous intense 
artificial illumination. Besides the standard medium there were in this 
series 17 modified media, and each of the 18 was represented by 10 cultures. 
The concentrations of all component ions excepting Mg and COg (and in 
some cases Na and Cl) were the same for all these media. The 18 different 
combinations of Mg concentrations and COg concentrations tested are shown 
in figure 4, where it is seen that Mg had concentrations of 0.0, 0.5, 1.0, 1.5, 
2.0, and 2.5 Ung? aud that COg had concentrations of 0.0, 1.0, and 2.0 Ucos- 
The media from which COg was omitted received KCl instead of the car¬ 
bonate; those with COg at concentrations lower than 1 Ucos received both 
KgCOg and KCl; and those with COg concentrations higher than 1 Ucos re¬ 
ceived both KgCOg and NaXOg. 



WHITE; GROWTH OP EXCISED HOOT-TIPS 


497 


The relative values of the growth indices obtained from this series are 
inscribed on the 3-dimensional diagram of figure 4, in which each contour 
line or isopleth indicates concentration combinations (Mg-COj ratios) that 
gave like growth values. The hachured area represents media closely ap¬ 
proaching the standard medium in effectiveness. The actual average index 
for the standard medium was 72.0 mm., which is taken as unity. 



Fig. 4. Three-dimensional diagram showing by means of isopleths growth responses 
as related to different concentrations of Mg and CO 3 J relative growth indices are in¬ 
scribed at the points representing the several combinations of these ions. Hachured 
area represents media closely approaching the standard medium ( 1 . 00 ) in effectiveness. 

With the exception of the single point whose coordinates are 0.5 IlMg, 
1 Ucos? tlie relations shown seem to be satisfactorily consistent; perhaps 
the growth index for the medium represented by that point may be errati¬ 
cally low. At any rate it appears that the standard medium was slightly 
surpassed, for growth in these 2 -week tests, by two modified media, one with¬ 
out Mg (and with CO 3 concentration of 1 Ucos) and the other without CO 3 
(and with Mg concentration of 1.5 IlMg). The standard medium might ap¬ 
parently be simplified and somewhat improved by omitting Mg or by omit¬ 
ting CO 3 and at the same time increasing the Mg concentration by 50 per 
cent. 

These suggestions may be added to the suggestion that the standard me¬ 
dium might be improved by decreasing its Ca concentration by 50 per cent. 
But it is to be remembered that the physiological influences due to the sev¬ 
eral ions are not to be regarded as independent variables; consequently it 
need not be supposed that the standard medium would be improved by 
simultaneously decreasing its Ca concentration and omitting Mg, or by 
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simultaneously decreasing its Ca concentration, increasing its Mg concentra¬ 
tion, and omitting CO 3 . A more elaborate series of tests than has thus far 
been attempted would be required to throw light on the question thus raised. 
In this connection it is to be borne in mind that such modifications of the 
standard medium would each necessarily involve still other resultant modifi¬ 
cations with respect to the concentrations of ions other than those primarily 
considered. 

Three different sources of iron were compared in five series of cultures 
with temperature of 22°-27°. The substances used were Fcg( 804)3 
iron salt specified in the Uspenski formula), FegClo, and a commercial prep¬ 
aration of uncertain composition called ‘‘iron citrate.Ferric sulphate is 
not deliquescent, and specified concentrations of it may be prepared by sim¬ 
ple weighing without special precautions; but it tends to form ferric hy¬ 
droxide in solution, which is only slightly soluble. Ferric chloride, which 
has been used as iron source by many students of plant nutrition, is mark¬ 
edly deliquescent and it is usually undesirable to depend on weighed quan¬ 
tities of it for specified concentrations. Of course, measured quantities of a 
solution whose Fe content has been ascertained by analysis may be used in 
preparing nutrient media. In complex nutrient solutions, such as those of 
this study, each of these sources of iron may give concentrations of Fe that 
are markedly different from values computed on the basis of weighing and 
the formula, especially when the solutions are not decidedly acid. Despite 
these and similar troublesome considerations, the solutions used in these ex¬ 
periments were prepared in the ordinary way, by weighing, on the supposi¬ 
tion that the three formulas were FegC 804 ) 3 , FegCle • 121120 , and 
FeCoHgOj • 3 H 2 O. Infiuences on growth that might possibly be exerted by 
the very low concentrations of the anions of these salts were left out of ac¬ 
count. All the constituents of these solutions, except the iron source, were 
at the respective concentrations specified for the standard medium. The Fe 
concentrations employed were 0.0, 0.5, 1.0, and 1.5 Ure (Upe being 0.006 
mg.-ion per liter). 

1 The U. 8. Pharmacopoeia, 7th ed. (6), gives ^‘iron citrate’’ as PeCeHsOi • SHoO [?], 
after the formula of ScHirr, while Beilstein (1) gives forms with 1, 1%, and 3 mole¬ 
cules of water of crystallization as well as more complex formulas. Belloni (2), who 
gave special attention to this material, stated that it is probably a dicitric-triferric citrate 
of the base [Fe 3 (CeH 5 O 7 )j( 0 H)j]OH, with the formula [re 8 (CeHB 07 ) 2 ( 0 H) 2 ( 0 Ha)j]% 
O^HbOt • 6 H 2 O. Among physiologists who have employed iron in citrate form, Hopkins 
(3) used KCbHbO: and PeClj together in his nutrient solution. He gives the formula of 
the resulting potassium-iron compound as KH 3 [(C 3 H 40 j) (C 02 )»Pe 2 ], and states that he 
if ^ ^ of the opinion that any preparation of ferric citrate purchased on the market would 
be of rather uncertain composition” (3a). A letter from the CJhemical Division of the 
Eastman Kodak Co. refers to ferric ammonium citrate (which is used in photography) 
as 4PeCBHBO; • • 3Fe(OH),. 
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Three series, one for each iron source, were carried out simultaneously, 
each series having 10 cultures with each Fe concentration. The cultures re¬ 
ceived only diffuse natural daylight. Relative values of the resulting growth 
indices are shown below. The actual average index for the standard medium 
(marked with an asterisk) was 64.4 mm., which is taken as unity. The 
medium without Fe gave an actual average index of 48.8 mm., or a relative 
index of 0.74, which is lower than any of the nine index values for solutions 
containing Fe. 


Fe supplied as 

Fe concentration (mg.-ion per liter) 

0.003 

0.006 (U,.) 1 

0.009 

Fe,(S04), . ... 

0.80 1 

1 .00* 

1.48 

FCaClfl. 

0.92 1 

0.91 

0.59 

Ferric citrate. i 

1 

0.89 j 

1.11 

0.94 


Only with the sulphate were the growth values regularly larger as the Fe 
concentration was higher. With Fe concentration of 0.003 mg.-ion per liter 
the chloride and the citrate’^ were apparently both slightly superior to the 
sulphate. With Fe concentration of 0.006 mg.-ion per liter (Upe), the 
citrate was apparently slightly, although probably not significantly, superior 
to the sulphate and the chloride was apparently somewhat inferior to the 
sulphate. With Fe concentration of 0.009 mg.-ion per liter, both chloride 
and citrate were very much inferior to the sulphate. The indications are 
that these three sources of iron were about equally efficient when the Fe 
concentration was 0.5 Upe or 1 Upe, but that the citrate was unsatisfactory 
and the chloride was markedly toxic when the Fe concentration was 1.5 Up©. 

The series with FegC 804)3 was repeated, with results almost exactly like 
those just stated for cultures in media containing iron in this form. An¬ 
other like series with Fe^C 804 ) 3 , carried out in continuous darkness, gave 
an average growth index of 87,8 mm. for the standard medium. The rela¬ 
tive growth indices were as follows: 


Without Fe 

i 

1 

i 

With Fe (mg.-ion per liter) 

0.003 

1.006 (1 Up.) 

0.009 

0.66... ... 

0.84 

1.00 

1.14 


Neither the chloride nor the citrate appears to have given any consider¬ 
able promise as a source of iron in cultures of this sort. It is equally clear 
that FcgC 804)3 was an excellent source of iron, giving progressively greater 
growth as the Fe concentration was higher; also that the standard medium 
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(•with 0.006 mg.-ion of Fe per liter) was markedly deficient in Fe for these 
root-tips. Eepresentative samples of root-tips grown without Fe and with 
these three different concentrations of FCjCSO^ls are shown by the photo¬ 
graphs of figure 5. It is ob'vious that the highest Fe concentration tested 

A s c D 


i 


Fio. 6. Eepresentative root-tips grown 2 weeks in media that differed only with 
respect to the concentration of Fe as Fea(S 04 )a: A, without Fe; B, C, and D, with 0.003, 
0.006 (standard), and 0.009 mg.-ion of Fe per liter respectively. About 0.6 natural size. 

(0.009 mg.-ion per liter) gave by far the best growth, while the media with 
Fe concentration of 0.003 or 0.006 mg.-ion per liter gave relatively little 
growth, being only slightly superior to the medium without iron. 

Anions 

The effects of omitting any three of the four main anions of the standard 
medium were tested in a series comprising four modified media besides the 
standard one. These experiments were carried out at about 25° C., in con¬ 
tinuous weak artificial light, and there were 20 cultures for each medium. 
Each of the four modified media was like the standard one with respect to 
dextrose, yeast extract, all the cations of the Uspenski formula, PO 4 , and 
Pe2(S04)3; and each contained, in addition, either NO3, Cl, SO4, or COg, 
making in each case the total anion concentration like that of the standard 
medium. According to the anion that predominated in each, these four 
modified media may be named the nitrate medium, the chloride medium, the 
sulphate medium, and the carbonate medium. It will be observed that, aside 
from possible impurities in the salts used, and aside from the yeast extract 
used, the nitrate medium contained no Cl or CO3, and only the very small 
amount of SO 4 corresponding to 0.006 mg.-ion per liter as PeoCSOi),; and 
that neither of the three remaining modified media contained any nitrate, 
etc. These modified media were prepared according to the specifications for 
the standard medium but with the following substitutions: For the nitrate 
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medium MgNOg * GHgO was used instead of MgSO^ • THgO and KNOg was 
used in place of KgCOg. For the chloride medium CaClg was used instead 
of Ca(N03)2 * 4H2O, MgClg ■ 6H2O was used instead of MgS04 ‘ ^HgO, and 
KCl was used in place of both liNOg and KgCOg. For the sulphate medium 
CaS04 * 2H2O was used instead of Ca(NOs)2 * 4H2O and K2SO4 was used in 
place of both KNOg and KgCOg. For the carbonate medium CaCOg was 
used instead of Ca(N03)2 ‘ 4H2O, 3MgC03-Mg(0H) SHgO was used in¬ 
stead of MgS04 * 7H2O, and KgCOg was used in place of KNOg. Both after 
autoclaving and at the end of the experiment, all but the carbonate medium 
showed pH values between 5.4 and 5.7 and no precipitation was observed. 
The carbonate medium was more alkaline, with a pH value of 5.95, and it 
showed some precipitation. 

The relative values of the growth indices derived from this series are as 
follows, the actual value for the standard medium being 103 mm.: 

Standard medium . 1.00 

Nitrate medium (with NOg and PO4 but practically without 

either Cl, SO4, or CO3). . 0.87 

Chloride medium (with Cl and PO4 but practically without 

either NO3, SO^, or CO3) . 0.73 

Sulphate medium (with SO4 and PO4 but practically without 

either NOj, Cl, or CO3) . . 0.55 

Carbonate medium (with CO3 and PO4 but practically without 

either NOg, Cl, or SO4) . 0.32 

Root-tips grown in the standard medium were apparently in excellent con¬ 
dition, with an average of 7 branches each. Those grown in the nitrate 
medium appeared to be in very good condition but they were more slender 
than those grown in the standard medium; they had, on the average, 6 
branches each. Root-tips grown in the chloride medium were generally 
shorter than those grown in the standard medium or in the nitrate medium, 
although they had, on the average, 8 branches each; both main root and 
branches were remarkably thick and stubby, with somewhat swollen tips. 
Root-tips grown in the sulphate medium were small but their average num¬ 
ber of branches was eight and they had much the same appearance as those 
grown in the standard medium, excepting with respect to size. Those grown 
in the carbonate medium were clearly in very poor condition, crooked and 
swollen, and with an average of only 3 branches each, the branches being 
very short and stubby. 

Representatives from these five media are shown in the photograph of 
figure 6. The fact that every one of the four modified media gave consider¬ 
able growth indicates that vitality was maintained for the 2-week period in 
spite of these great chemical modifications of the medium. That the three 
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modified media without COg all have good, or at least fair, growth, while the 
carbonate medium gave very poor growth, appears to support the sugges¬ 
tion, already made, that CO3 might well be omitted from media of this gen¬ 
eral type for the plant material and period length used in this study. The 
omission of Cl, SO4, and CO3 together (nitrate medium) resulted in a 
growth value 87 per cent, as large as was obtained with the complete stand¬ 
ard medium, from which it appears that Cl and SO4, as well as COg, were 
unessential to good growth. 

A B C J) E 



Fig. 6 . Bepresentative root-tips grown 2 weeks in media: standard in all re¬ 

spects; By like A but with SO4 and CO^ replaced by NO,; C, like A but with NO 3 , SO4, 
and COs replaced by Cl; D, like A but with NOs and COs replaced by SO 4 ; E, like A but 
with NO 3 and SO 4 replaced by CO,. About natural size. 

Of the four anions here considered, NOg was obviously the most important 
for extensive growth, but the good or medium growth obtained with the 
chloride medium and with the sulphate medium indicates that even NOg 
was not essential for growth in these 2-week tests. Without NOg a relative 
growth index as great as 0.73 was obtained, which is surprising in view of 
the great importance generally assigned to nitrates in the nutrition of higher 
green plants, and in view of the generally accepted statement that such or¬ 
ganisms are unable to utilize molecular nitrogen (see Lipman and Taylor 
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( 4 ), however). It is of course logically possible that nitrification occurred 
in the sulphate medium and in the chloride medium, through the action of 
nitrifying bacteria, but there is no direct evidence favoring such a supposi¬ 
tion. A considerable but surely very small amount of NOg, may have been 
introduced into the media planned to be witho-ut NOg, in the yeaat ex¬ 
tract, and as possible impurities in the dextrose used or in the salts em¬ 
ployed. It is also logically if only remotely possible that the original 3-mm. 
root-tips may have carried a sufficient amount of nitrogenous compounds to 
maintain good growth for two weeks, but cultures in the chloride medium 
gave final total lengths about 25 times as great as the original length (3 
mm.), and those in the sulphate medium gave final total lengths about 19 
times as great as the original length. Eoot-tips grown in the chloride me¬ 
dium or in the sulphate medium formed, on the average, 8 new growing 
points (branch roots). If one of these tips 3 mm. long contained sufficient 
assimilated or assimilable nitrogen to support such pronounced enlargement, 
and such multiplication of meristematic tissue (without any apparent de¬ 
generation of the older and basal tissues), that fact should be noteworthy. 

The nitrate ion a/nd the ammonium ion were compared, as to their influ¬ 
ence on the growth of these root-tips, by means of a number of experiments 
with media that were like the standard one in regard to all features except¬ 
ing the nitrogen source but different from the standard medium and among 
themselves in that respect. Several concentrations of NOg and its omission, 
and the substitution of NH^Cl for Ca(NOg )2 and KNOg were thus tested. 
There were 10 cultures for each Ng concentration, and cultures were carried 
out both in continuous darkness and in continuous weak artificial light, the 
temperature being about 26°. The presence of both NOg and NH 4 together 

TABLE III 


NO, 

NH 4 

Total N, 

Relative 

GROWTH INDEX 

mg Aon per 1, 

0.0 

mg Aon per L 

0.0 

mg. per 1. 

0.0 

1.04 

0.0 1 

0.32 

4.5 

0.93 

0.0 

0.64 

9.0 

0.98 

0.45 1 

0.0 

9.8 

1.09 

0.56* 

0 

0 

12,0* 

1.00 

0.0 

0.96 

13.5 

0.95 

0.0 

1.28 

18.0 

1.00 

0.90 

0.0 

19.5 

1.00 

0.0 

1.60 

22.5 

1.01 

1.35 

0.0 

29.3 

1.00 


* Standard medium. 
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in the same medium was not tested. All of these tests gave results sensibly 
like those obtained with standard medium. Table III shows the nature and 
concentration of the nitrogen source used in ten of these modified media, 
together with the relative growth index obtained with each modification. 
With the standard medium (marked by asterisks), excellent growth was ob¬ 
tained and the actual average index was 66.4 mm., which is taken as unity. 

In these tests it apparently made no significant difference whether NO3 
or NH4 was purposely present or absent, or whether either of these nitrogen 
sources was used at low or at high concentration. This strengthens and 
extends the conclusions reached from the experimental series previously 
described. 

Effects of modification of the PO4 concentration of the medium were 
tested in three series. The temperature varied between 22° and 26°. In 
two series constituents other than KH2PO4 were maintained at the concen¬ 
trations specified for the standard medium and the PO4 concentration was 
0.0, 0.5, 1.0, or 1.5 Upo^. There were ten cultures for each of these four 
media. A third series had the same four PO4 concentrations, but each of 
these was tested with eight different pH values, secured by means of small 
additions of HCl or NaOH. There were three cultures for each of these 32 
media, or 96 in all. These experiments showed no pronounced differences 
in growth, excepting as the PO4 content of the medium influenced the final 
H-ion equilibrium, which has been considered in an earlier paper (10). 

When the SO^ of the standard medium was partly or wholly replaced 
hy Cl, and also when the concentration of SO4 was 1.5 Uso4 ((Na2S04 being 
added to the medium in the latter case), growth was sensibly the same as in 
the unmodified standard medium. 

When COs was omitted from the standard medium the resulting modified 
medium gave greater growth than was obtained with the standard medium 
itself, and media with CO3 concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 Ucoa 
gave progressively less growth as the CO3 concentration was greater. These 
statements are based on two special experiments with temperature between 
22° and 27°, one with weak continuous artificial light and the other with 


TABLE IV 



Without 

CO, 

With CO, (mo.-ion per liter) 

0.0075 

0.0150* 

0.0225 

0.0295 

0.0370 

Average indices (mm.) . . . 

99.3 

88.9 

67.8* 

52.1 

43.0 

35.7 

Belative indices . .. .. 

1.47 

1.31 

1 .00* 

0.77 

0.63 

0.53 

Final pH values . . 

5.05 

5.00 

5.10* 

5.15 

5.30 

5.40 


Standard medium. 
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Stronger continuous artificial light. The actual and relative growth indices 
derived from the first of these special experiments are shown in table IV, 
those for the standard medium being marked with asterisks. 

Three representative root-tips from this experiment are shown in figure 
7. Those grown in the medium without CO3 appeared to be in excellent 

A B c 


Fig. 7. Representative root-tips grown 2 weeks in media that differed only with 
respect to the concentration of without CO,; B and C, with 0.25 mg.-ion per liter 

(standard) and 0.50 mg.-ion per liter respectively. About natural size. 

condition, with an average of eight branches each. Those grown in the 
standard medium (wdth 0.015 mg.-ion of CO3 per liter) had on the average 
only five branches each, and those grown in the medium with CO3 concen¬ 
tration of 2.0 Uco, were short and stubby and had an average of only two 
branches. 

A repetition of this experiment gave essentially the same results. These 
series thus support the conclusions indicated by previous experiments with 
CO3; namely, that the presence of COg in the medium tended to have a re¬ 
tarding effect on the development of root-tips grown therein. But it is to 
be noted that the culture series represented by figure 4 indicated consider¬ 
ably less growth (relative index value of 0.82) when CO3 was omitted than 
was given by the unmodified standard medium. 

This retarding influence of CO3 as indicated by these experiments, can 
hardly be attributed directly to low H-ion concentration, for the final pH 
values were found to be nearly the same whether CO3 was present or not, 
and whether its concentration was high or low, as is seen in table IV. 
It is perhaps possible that the retarding influence may have been related to 
Pe supply, as suggested by Uspenski (8) ; but it is surprising that these 
root-tips should have been injured or retarded in their growth by such low 
concentrations of CO 3 , an ion that must be generally present at considerable 
concentrations in rapidly growing tissues in which photosynthesis is not 
active. 

Summary 

1. In a preliminary study reported previously (10), it was found that 
3-mm. root-tips excised from wheat seedlings grew excellently for a 2-week 
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period and without renewal of the liquid culture medium when the inorganic 
salt contents of the latter were like those specified for the Uspenski solution 
( 8 ), and when each liter of medium contained also 20 gm. of dextrose and 
extract from 0.1 gm. of dry brewers^ yeast. Within the limits of that study, 
the medium thus characterized gave best growth under the following con¬ 
ditions; (1) when its pH value was about 5.0-5.5; (2) when each culture 
flask, with its single root-tip, contained not less than 25 ml. of medium; (3) 
when the culture temperature was maintained about 26°-27°; and (4) when 
the cultures received continuous electric illumination from Mazda ‘‘day¬ 
light’^ bulbs. In the present paper are presented results from additional 
preliminary experiments with root-tips like those used before, in which the 
experimental variables were the ion concentrations of the culture medium, 
aside from H-ion and OH-ion concentrations. The medium just described 
was taken as standard, being used for control cultures, and numerous 
modifications of it (with respect to inorganic ion concentrations) were tested, 
generally under the conditions just specified for pH value, volume of 
medium, temperature, and illumination. The main results may be sum¬ 
marized as follows. 

2. The standard medium was notably improved by lowering its Ca con¬ 
centration by 50 per cent., but its effectiveness was lowered by raising the 
Ca concentration or by omitting Ca. Raising or lowering the K concentra¬ 
tion or omitting K gave poorer growth than was given by the unmodified 
standard medium. Of 16 systematically chosen combinations of Ca con¬ 
centration and K concentration (including the omission of one or both of 
these ions as well as the raising or lowering of their concentrations), only 
one combination (lowering the Ca concentration by half and keeping the K 
concentration unmodified) was superior to the one specified for the standard 
medium, and a single other combination (lowering the Ca concentration and 
raising the K concentration, each by 50 per cent.) gave an average growth 
value equaling but not exceeding the corresponding value given by the un¬ 
modified standard medium. The remaining tested combinations of these 
two concentrations were all inferior to the standard. 

3. The standard medium was somewhat improved by the omission of 
Mg and its effectiveness was lowered by raising the Mg concentration. But 
when COg was omitted and the Mg concentration was raised by 50 per cent., 
the effectiveness of the resulting modified medium equaled or slightly 
exceeded the effectiveness of the unmodified standard medium. In one test, 
simply omitting COg led to somewhat poorer growth than was given by the 
standard medium; but in two special experiments on the influence of COg 
concentration, this omission led to very marked improvement of the medium. 

4. The standard medium was markedly improved by raising the con¬ 
centration of Fe2(864)3 by 50 per cent., and its effectiveness was lowered 
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by the omission of that salt or by lowering its concentration. Ferric 
chloride and ferric citrate'^ were each found to be unsatisfactory as 
sources of Fe in these experiments. 

5. Omitting NOg or raising or lowering its concentration in the medium 
exerted no significant effect on growth, and the use of NH^ instead of NOg, 
at various concentrations, was also without considerable infiuence; it made 
no difference whether NOg or NH4 was used as nitrogen source, or whether 
either of these ions was at low or at high concentration. It is surprising 
that excellent growth was obtained in these 2-week cultures, without any 
nitrogenous substance in the medium excepting such very low concentra¬ 
tions as may have been due to impurities in the salts and dextrose used or 
in the yeast extract, which was present in all media. 

6. Omitting SO4 or raising or lowering its concentration in the medium 
did not show any influence on growth, and the same is true for PO4, ex¬ 
cepting as PO4 concentration affected the pH value of the medium. 

7. The standard medium was improved by the omission of COg, or at 
least the effectiveness of the medium was not greatly reduced by that omis¬ 
sion. Raising the CO3 concentration lowered the effectiveness of the 
medium. 

8. Addition to the standard medium of a considerable concentration of 
Cl or Na was without notable effect on growth; one or the other of these 
ions, neither of which was used in the standard medium, was added in the 
preparation of some of the modified media discussed. 

These experiments were carried out at the Boyce Thompson Institute for 
Plant Research while the writer held a National Research Fellowship in 
Botany. This account has been prepared for publication at the Laboratory 
of Plant Physiology of the Johns Hopkins University, with critical help 
from Professor Burton E. Livingston. 

BoOKErULLER INSTITUTE Or MedICAU RESEARCH 

Princeton University 
Princeton, N. J. 
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ACIDITY AND ALKALINITY PRODUCED BY CHANGES IN THE 
NITROGEN, SULPHUR, AND CARBON CYCLES^ 

John P. Conkad 

(with pour figures) 

Introduction 

Culture media, whether they be soils, nutrient solutions for higher 
plants, or bacteriological cultures, are subject to fluctuations, often of con¬ 
siderable magnitude, in their H-ion concentrations. Plant and animal 
fluids and contents of living cells also fluctuate in reaction. One phase of 
the problem upon which the writer is working involves changes in the 
reaction of soils, apparently due in part to the changes in the nitrogen 
cycle. It seemed desirable to investigate in a theoretical way the principal 
changes that could arise from these and other transformations. The results 
secured as well as the methods used offer the possibility of wider applica¬ 
tion than to this specific problem, being perhaps most applicable to the 
fields of plant physiology, soil chemistry, and bacteriological chemistry. 
For that reason, they have been prepared for publication. 

Certain changes in the nitrogen cycle produce acidity, other changes pro¬ 
duce alkalinity, and still other changes in the nitrogen cycle have little or no 
effect on the pH of the medium. Many of these changes have been worked 
out quantitatively, others only qualitatively.® Confusion exists in some 
plant and soil literature bearing on these changes. This paper is an attempt 
to develop by theoretical reasoning, from the fields of inorganic and biolog¬ 
ical chemistry, a quantitative expression of the acidity and alkalinity pro¬ 
duced by changes in the nitrogen cycle, culminating in a chart which shows 
these relations graphically. Some attention will be given also to produc¬ 
tion of acidity and alkalinity resulting from transformations within the 
carbon and sulphur cycles. A subsequent paper will give experimental 
data bearing on a part of this cycle. 

It will be convenient in the following development to speak of the pro¬ 
duction of one equivalent of acidity” as meaning also the disappearance 
of one equivalent of alkalinity, or a fraction of each, such that the sum of 
the fractional equivalents of acid produced and alkalinity disappearing 
will equal one; and conversely, with the production of one equivalent of 
alkalinity. 

I Contribution from the Division of Agronomy, University of California, Davis, 
California. 

* Citations to much of the literature bearing on this point will be reserved for later 
publication. 
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As acidity and alkalinity are measured by titrations, it is necessary to 
have a datum or end-point for reference. I have selected as the reference 
in the first part of this theoretical development a pH of 4.3, but shall extend 
the range both to the acid and considerably to the alkaline side of this point. 
This point was chosen because it represents the pH of the solution used as 
reference in the methyl orange titrations later employed, and is not far 
also from the iso-electric point of many of the proteins. The COg of the 
atmosphere does not infiuence titrations at this pH. 

The cycle: Elementary nitrogen, ammonia, and nitric acid 

Since many factors, such as the other chemicals used in the media, the 
products of other reactions, the incompleteness of the chemical change 
involving nitrogen, etc., may somewhat complicate the titrations of the 
original materials and the final end-products of the reaction, it will be 
simpler to take transformations from the realm of inorganic chemistry in 
so far as possible. For purposes of comparison, an analogy between heat 
and acidity will be used. Changes in the amount of calorific heat in a 
system may arise from at least three different factors: 

A. By addition or withdrawal of heat from the system, ie., by 

changing the temperature but not the state of the system. 

B. By physical transformations within the system (such as 

liquid to vapor, etc.). 

C. By chemical transformations within the system itself. 
Similarly, titrable acidity (positive or negative) may change in a system: 

A. By addition of acid to or its withdrawal from the system. 

B. By physical transformations within the system. 

C. By chemical transformations within the system. 

The first is easy to understand and the second may occur, but probably 
not so prevalently with acidity as with heat. Considering factors A and B 
as constant in the discussion following, the effect of chemical transforma¬ 
tions will be considered; as, for instance, a chemical reaction of great indus- 

3 

trial importance: S + -^02 + H20 = H2S04 +103,240 calories.® 

The. heat of this reaction is invariable no matter in how complex a system 
it may take place, as long as the initial and the final state points are the 
same. If in a complex system a different heat of reaction is obtained experi¬ 
mentally, this is evidence that some other reaction or reactions have taken 
place. Likewise if the reactants for this equation could be titrated to an 
end-point at pH 4.3, and the end-products titrated to the same pH, a change 

« By computation from heats of formation of H.jO and H2SO4 given by Hodqman and 
Lanob (7). 
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of two equivalents of titrable acidity for each gram-atom of sulphur trans¬ 
formed will be secured. This reaction will always give these results no 
matter in how complex a system it takes place, provided the initial and 
final state points are the same and the end-point of titration is above pH 4 . 
This must be true or the law of the conservation of matter would be violated. 

As with the heat of reaction so also with the titrable acidity of this 
reaction, it is immaterial whether the reaction occurs all at once or by stages. 

If the sulphur is used up in this reaction and it is known to be oxidized 
according to the reaction given, the change resulting in the increase of 
sulphate-ion is directly proportional to the heat evolved and also to the 
change in titrable acidity resulting from this reaction. Since in this de¬ 
velopment physical conditions are considered as being kept constant, and 
no additions of heat or titrable acidity are being made, no heat can be 
evolved nor titrable acidity arise except through chemical transformations. 

From the preceding analogy, it follows that changes in the amount of 
titrable acidity (considering alkalinity as negative acidity) are equal to 
the algebraic sum of the titrable acidities arising from each of the reactions 
taking place. In other words, in any system the total changes in titrable 
acidity (factors A and B remaining constant) are equal to the algebraic 
sum of the changes due to each individual reaction. It is the titrable acidity 
arising from each of many of the possible reactions within the nitrogen, 
sulphur, and carbon cycles which will be considered. 

Elementary nitrogen to ammonia 
A chemical process recently coming into great commercial prominence is 
tlie Haber-Bosch method for making gaseous ammonia. The reaction gen¬ 
erally ascribed to this process is as follows: 

N2 4 3 H2 = 2NH,. 

Since the reactants are not titrable with acid or alkali and therefore have 
a zero titration value, and since the NHg if dissolved in water may be 
titrated, requiring 1 mol of acid for each mol of NH3, then for each gram- 
atom of nitrogen fixed as ammonia one^ equivalent of base (in this case 
ammonia) is produced. Thus a change of one equivalent of titrable alka¬ 
linity is produced for each gram-atom of nitrogen transformed from Ng 
to NH3, no matter whether the action goes on in the Haber-Bosch process, 
or in nature through the fixation of nitrogen by a legume and the subse¬ 
quent decay of this crop’s residues to form NH3. 

Elementary nitrogen to nitric acid 
In the are method of fixing gaseous nitrogen the process takes place in 
several steps, but a chemical reaction which would express the original 
materials and the final product is as follows: 

^ Theoretically it may be slightly less than one, as NH, is a weak base. 
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2 N242 H2O + 5 03 = 4 HNO3. 

The initial material is considered to have zero titration value, but with the 
end-product of the process, nitric acid, one equivalent of acid is produced 
for each gram-atom of nitrogen changed. 

Ammonia to nitric acid 

The transformation of ammonia to nitrate in the soil now has a counter¬ 
part in industry known as the Ostwald process (11). By the use of a plati¬ 
num catalyst and in several steps, the ammonia gas is transformed to 
nitric acid by the following over-all reaction: 

NH3 + 2 Og^HNO^ + H^O. 

On titration, the chemicals on the left side of the equation give one equiva¬ 
lent of base, and thase on the right one equivalent of acid, for each gram- 
atom of nitrogen transformed. When nitrogen is changed from ammonia to 
nitric acid there is a net change of titrable acidity equal to two equivalents 
of acid for each gram-atom of nitrogen transformed. 

If NHa is neutralized by sulphuric acid to form (NH 4 ) 2 S 04 and the 
nitrogen in the ammonium salt oxidized to nitrate, there will be present 
the original sulphuric acid and the nitric acid formed. In this transforma¬ 
tion for each mol of ammonium sulphate there will be produced four equiva¬ 
lents of acid. As there are two gram-atoms of nitrogen per mol of ammo¬ 
nium sulphate, there is an increase of two equivalents of titrable acidity 
for each gram-atom of nitrogen transformed. 

Elementary nitrogen to nitrous acid 

When the gases in the arc process are dissolved in water, nitrous acid 
is formed according to the reaction: 

2 N3 + 2 H3O43 ©2 = 4 IINO2. 

Thus for each gram-atom of nitrogen transformed from elementary nitrogen 
to nitrous acid, one equivalent of titrable acidity is produced except as will 
be brought out later. 

Ammonia to urea 

If ammonium carbonate is heated under appropriate conditions, urea 
results as follows: 

(NHJ 2CO3 = (NH2) 2CO + 2 H3O. 

Titrating the initial (NH 4 ) 2 C 03 we get an equivalent of alkalinity for 
each gram-atom of nitrogen, while practically urea, because it is a very 
weak base, gives none, except as will be brought out later when the acidity 
of the system is high. 
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Other nitrogen transformations 

Prom the preceding, we would predict that the transformation of 
nitrates back to Ng would produce titrable alkalinity, and that of NH^ 
to Ng produce titrable acidity. As these reactions do not normally occur 
in inorganic chemistry, some reactions involving the formation of Ng from 
nitrogen salts may be investigated. If the alkalinity produced by the 
formation of NHa from the union of Ng and Hg is neutralized by nitrous 
acid, ammonium nitrate is produced. On titrating, this will be prac¬ 
tically neutral. But ammonium nitrite decomposes on heating to form 
elementary nitrogen and water as; 

NH^N 02 = Ng + 2 HgO. 

The final products are not titrable with acid or alkali and hence have a 
zero titration value. Very little or no change of titrable acidity is brought 
about by this reaction. 

On the other hand, if the alkalinity of ammonia is neutralized with 
nitric acid, ammonium nitrate is formed, which has for many practical 
purposes no titrable acidity. But NH^NOg decomposes on heating to give 
nitrous oxide (NgO) and water, according to the following reaction: 
NH,NO, -^NgO + 2 HgO. 

If nitrous oxide is dissolved in water, a very weak acid, weaker than car¬ 
bonic, is formed, HgNgOg. This acid is called hyponitrous acid. Only at 
high pH values would its acidity become manifest. Figure 1 illustrates 
graphically these relationships. 

Except as will be brought out later, Ng, urea, ammonium nitrite, and 
ammonium nitrate are for most practical purposes neutral in reaction. 






i/rwy 


Af/irw/s 




Fig. 1 . Titrable acidity and alkalinity produced by changes in nitrogen cycle. 
Very little error arises in using this chart between pH values of 4.5 and 8 (see fig. 2). 
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Transformation of one gram-atom of nitrogen from any or all of the pre¬ 
ceding substances to ammonia will result in the production of one equiva¬ 
lent of alkalinity. Likewise the transformation of one gram-atom of nitro¬ 
gen from this group of substances to nitrate or nitric acid will result in the 
production of one equivalent of titrable acidity, no matter in how complex 
a system it takes place nor in how many stages, subject of course to the 
condition that factors A and B remain constant. 

Transformations of protein nitrogen 

From solution-culture and field studies, some details of which will be 
taken up in a subsequent paper, it is apparent that the medium becomes 
more acid when ammonium salts of strong acids, with the exception of 
NH 4 NO 3 , are used as a plant nutrient; also the medium becomes more 
alkaline when nitrates, except NH4NO3, are used. On the average, there¬ 
fore, the compounds of nitrogen in the plant must have a position on the 
chart somewhere intermediate between NH 3 on the one hand and HNO 3 on 
the other. Proteins are undoubtedly the chief class of nitrogenous com¬ 
pounds in normal plants, and therefore could be expected to lie on the 
chart somewhere between ammonium compounds and nitrates. 

A more direct means of determining the position of a given protein lies 
( 1 ) in a consideration of its titration curve, and ( 2 ) in a consideration of 
its iso-electric point in so far as that might represent the pH of a suspen¬ 
sion of the pure protein in water. This assumption is on the basis of Loeb’s 
work ( 8 , p. 35). In soils, Mattson (9) has shown that when the iso-electric 
point is not at neutrality, some differences may arise between the two values. 

A few proteins will be considered as typical of all proteins. Discrep¬ 
ancies arising because any protein does not behave as do the types are, it is 
believed, of relatively minor importance in this connection. Some of the 
proteins selected are not found in plants, but because the titration curve 
and elementary composition of each are known, they are included. Those 
chosen, and the properties of each applicable to the present problem, are 


given below; 




Protein 

Chemical elements 
present 

pH of aqueous 
suspension 

Investigators 

cited 

Gelatin 

C, H, 0, N 

4.7 

Loeb (8, figs. 7, 13) 

Durumin 

C, H, 0, N, S 

5.9 

HorrMAN and Gortnee 

(6, table 78) 

Teozein 

C,H, 0,N,S 

5.2 

(6, table 79) 

Fibrin 

C, H, 0, N, S 

4.9 

(6, table 83) 

Bgg albumin 

C,H, 0, N, S,P 

4.8 

Loeb (8, figs. 4, 11) 

Casein 

C, H, 0, N, S, P 

4.7 

Loeb (8), Hoffman 

and Gortneb (6, table 80) 
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If we completely oxidize each of these proteins in turn with oxygen, dis¬ 
solve the end-products of the reaction in water, and titrate them to our 
reference pH of 4.3, in equilibrium with the atmosphere, the following re¬ 
sults are secured: 


In the original 
protein each 
gram-atom of 

0 

N 


P 


produces one mol 
each of the 
acid below 


H,COa 


which titrated at pH 
4.3 gives the num¬ 
ber of equivalent 
of acidity below 
0 


Bemarks 


lost to the air 


HNOa 1 almost fully neutralized 

H2SO4 2 


HaPO^ 


1 only 1/3 neutralized 


The nitrogen transformation from the protein, gelatin, at its iso-electric 
point to HNO 3 titrated at pH 4.3 would produce one equivalent of acidity. 
Gelatin may then be placed tentatively with Ng on the chart. But it re¬ 
quired (8, fig. 7) about 1.5 cc. of 0.1 N HCl or H 2 SO 4 to bring 1 gm. of 
purified gelatin in 100 cc. of IlgO from its iso-electric point of pH 4.7 to 
4.3, our reference point in titration. One gm. of gelatin assumed to con¬ 
tain 17.80 per cent, nitrogen fully oxidized would give 127 cc. of 0.1 N 
HNO 3 . The error then in placing gelatin with Ng on the chart at pH 4.3 
would be approximately 1.5 divided by 127, or 1.18 per cent. Considering 
the HNO 3 formed as a measure of the nitrogen transformation alone (the 
H 2 SO 4 and H 3 PO 4 formed being credited to sulphur and phosphorus trans¬ 
formations) the errors involved in placing each of the proteins mentioned 
at N 2 on the chart can be computed in a similar manner. These are for 
clurumin about 0.7 per cent.; for teozein, 0.1 per cent.; for fibrin, 0.3 per 
cent.; for egg albumin, 0.8 per cent.; and for casein, 0.5 per cent. 

It would be desirable to know the errors involved at other pH reference 
points. If the titration end-point be pushed up to the alkaline side soon 
a place is reached where no end-point can be secured in equilibrium with 
the atmosphere because of the CO 2 . We can then assume titration of the 
original gelatin and the products of its complete oxidation in a COg-free 
atmosphere. Under such conditions, the CO 2 produced by the oxidation 
would be eliminated and the difference would be due to the nitrogen change 
alone. 

In titrating 0.8 gm. of purified gelatin in 100 cc. at a pH of 8.4 (about 
the phenolphthalein end-point), nearly 2.9 cc. of 0.1 N NaOH is required 
( 8 , fig. 13). The same amount of gelatin fully oxidized in equilibrium with 
a COg-free atmosphere would require 101.5 cc. of the same strength of 
NaOH to neutralize it. At pH 8,4, then, an error of about 2.9 per cent, 
results from placing gelatin at the position of No on the chart. 
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By arbitrarily attributing all of the error involved in the titration curve 
of each protein as due to the nitrogen change alone, the errors involved in 
placing these proteins at pH 8.4 at the position of Ng on the chart are for 
durumin, 0.4 per cent.; for teozein, 0.4 per cent.; for fibrin, 4.0 per cent.; 
for egg albumin, 3.3 per cent.; and for casein, 7.0 per cent. 

Assuming no error from the titration curve as due to sulphur and phos¬ 
phorus changes, each gram-atom of sulphur in the protein would result in 
practically two equivalents of titrable acidity at pH 8.4 due to complete 
oxidation of the protein, while each gram-atom of phosphorus would like¬ 
wise result in about two equivalents of titrable acidity (H 3 PO 4 is about 2/3 
neutralized at pH 8.4). 

With the exception of gelatin, each of the proteins being considered re¬ 
sults, with complete oxidation, in acidity in excess of that due to the 
nitrogen change. Acidity arising from the H 2 SO 4 and H 3 PO 4 must be 
taken into consideration. 

With the definite placing of proteins on the nitrogen chart it is clearly 
seen that the transformation from nitrates to proteins will result approxi¬ 
mately in one equivalent of titrable alkalinity for each gram-atom of 
nitrogen changed. At the same time additional alkalinity will result from 
the sulphur transformation from sulphate to protein. Though phosphorus 
is normally not a constituent of plant proteins, it may enter into compounds 
whose titration curves are similar. Additional alkalinity would then re¬ 
sult. Any deviation from this would be contrary to the law of the conser¬ 
vation of matter, and therefore invalid. 

Although it would be desirable to have the pH of a suspension or solu¬ 
tion of the pure protein in pure water as the best experimental evidence at 
hand, such a pH may be secured indirectly by assuming that such a sus¬ 
pension is at, or very near, the iso-electric point of the protein in question. 
Assuming again that other methods of securing the iso-electric point will 
give indirectly the pH of a water suspension of the pure protein, the iso¬ 
electric point of some other proteins is of interest. 

Thus CsoNKA, Murphy, and Jones (5) report iso-electric points of 
five albumins from pH 4.2 to 5.5, thirty globulins from pH 4.5 to 5.5, and 
five prolamines from pH 5.9 to 6 . 6 . Csonka and Jones ( 4 ) report two 
glutelins of wheat and one each of rice, oats, and corn as having iso-electric 
points of pH 6.45. Pearsall and Ewing (10) report the iso-electric points 
of some plant proteins as found by the precipitation methods. These varied 
from pH 3.2 to 5.6. Excluding three extremes, the rest varied but little 
from pH 4.5. Chibnall (3) reports iso-electric points of leaf-cytoplasmic 
proteins from pH 3.5 for rhubarb to pH 5.1 for broad bean, with an average 
near pH 4.4. Other iso-electric points have been determined by others, but 
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these in general fall within the range already given, with the possible ex¬ 
ception of glutenin with an iso-electric point of 7.0, reported by Tague 
(13). 

It is evident that many if not most of the proteins have iso-electric points 
close to those here presented whose titration curves are available. These 
observations allow us then to place proteins at the same place on the chart 
as Ng, considering the errors presented almost negligible for many purposes. 

Table I lists some of the nitrogen transformations and the titrable acidity 
and alkalinity resulting from each at usual pH values. 

TABLE I 


Nitrogen transformations 

Net production in equivalences 
OP ACIDITY and alkalinity PER 
GRAM-ATOM OP NITROGEN 
TRANSFORMED 


Acidity 

Alkalinity 

Nitrogen fixation by legumes and bacteria to 



form proteins 

0 

0 

Urea to proteins; proteins to urea 

1 0 

0 

Assimilation of NH, by plants (including lower 



forms) to form proteins . , 

1 

-1 

Nitrification of urea, proteins, etc. (net effect) 

1 

-1 

Nitrification of NH, and NH 4 compounds 

0 

-2 

Assimilation of nitrates (HNO,) by plants to 



form proteins 

-1 

1 

Denitrification (nitrates to No) 

-1 

1 

Reduction of nitrates to ammonium compounds 



(14, p. 182) 

-2 

2 


Some of the work done on denitrification is of interest in connection with 
table I. Alkalinity is produced when nitrates are denitrified and elemen¬ 
tary nitrogen is produced. Burri and Stutzer (2), in their work on de¬ 
nitrifying bacteria, found that the cultures rapidly developed alkalinity as 
the fermentation progressed. Although no figures are given, they found 
higher alkalinities to develop than could be attributed to decomposition of 
the nitrates. This increase they attributed to the transformation of some 
of the alkali citrates used in the media to alkali carbonates, and to the 
utilization of some more of the citrate radicle as a source of carbon by the 
organisms. 

By causing denitrification to take place with NaNOg, and especially 
with Sr(N 03 ) 2 , Sacharowa (12) has carried the pH in one step to 8.5 and 
in another step from 8.5 to 9.4. No figures are available so far as we know 
to determine experimentally a quantitative relationship between the alka- 
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Unity produced and the nitrogen transformed. According to our chart, 
for each gram-atom of elementary nitrogen formed there should be one 
equivalent of alkalinity produced. 

An experiment performed by Brioux (1) is also of interest in the light 
of the relations shown in figure 1. Using 0.5 gm. of urea in 500 gm. of soil 
having an initial pH of 6.45, he secured a pH of 8.5 in 48 hours, with a 
heavy production of ammonia as shown by Nessler’s reagent; and after 76 
days the pH had changed to 5.35 with the transformation of ammonia to 
nitrate. Our chart would have qualitatively predicted these results. 

Weak nitrogenous acids and bases 

Nitrogen transformations given in figure 1 that take place between pH 
5 and pH 8 follow the chart very closely and hence undoubtedly apply to 
most culture media. On account of the hydrolysis of weak acids and bases, 
however, errors of considerable magnitude may creep in where the pH is 
beyond these limits. 

Let us consider the dissociation of the weak acid H A. 

H A = II^ + A” Then 


[Hi [Aj ,, 

[HA] 

log [Hi + log = log K. But log [Hi = -pH 

log = log K. I pH ... (1) 

In the case of a definite weak acid, Ka is known. Then for a definite 
pH the ratio [A”] to [HA] is fixed and can be calculated. If the system 
be analyzed for [A“] the undissociated [H A] is secured also. With the 
sum of [A”] + [HA] known and their ratio [A“]/[H A] calculable, the 
concentration of A" may be computed.® With a transformation in which 
H A is formed from some other substance (as for example HNOg from Ng 
in figure 1), the change in the number of equivalents of H+ which resulted 
from the transformation is equal to the change in the number of equivalents 
of A“ produced by that transformation. The transformation affects the 
titrable acidity and in any but a highly buffered system this will change the 
pH, sometimes materially. The amount of such change in pH is dependent 
upon the buffer characteristics of the particular system. A transformation 
6 Other undissociated molecules or complex ions in equilibrium with A- would lead 
to error by the use of this procedure, although the general theory is not invalidated 
thereby. 
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which would cause a great change in pH in a poorly buffered system would 
cause a very much smaller change in pH in a highly buffered system. 
Further consideration of this phase of the problem is beyond the scope 
of this paper. It is obvious that only the H* dissociated from the total H A 
formed is effective upon the pH of the system or in titration. The fraction 
of the total H A dissociated is 


[A-] 

[HA] + [A-] 


[A-] [A-] 

[HA] [HA] 

[HA] + [A-] - - , [A-] 

[HA] [HA-] 


i.e., the fraction dissociated is equal to the ratio 


[A-] 

[HA] 


ratio plus one. 

For HNO 2 we have by substitution in equation (1) 


divided by that 


In table II are given the values of the ratio 
fraction dissociated for given values of pH. 


[NO,1 

[HNOJ 


and the decimal 


TABLE II 

Calculation of the fraction of HNO, dissociated at different pH values ; dissocia¬ 
tion CONSTANT of HNOn = K. = 4 X 10-* 


pH 

, INOr] 
[UNO,] 

TNOr] 

[HNO,] 

Fraction 

DISSOCIATED 

6.0 . 

2.6 

400 

0.997 

5.0 

1.6 

1 

! 40 

0,975 

4.0 

0.6 

4 

1 0.80 

3.5 

0.1 

1.26 

0.557 

3.4 

0.0 

1.0 

0.50 

3.0 . 

i.e 

0.4 

0.286 

2.0 

2.6 

0.04 

0.038 

1.0 

i6 

0.004 

0.004 


Thus at pH 3.4 each gram-atom of nitrogen transformed to HNO 2 will 
result in but one-half of an equivalent of titrable acidity, and at pH 2.0 



520 


PLANT PHTSIOLOGT 


only 0.038 equivalent of titrable acidity, while at pH 4.0 there will be 0.80 
equivalent. 


A 


weak base dissociates into BOH + OH" and 


[B1 [OH-] 
[BOH] 


log[OH-]+log-J^=logKb 
But log [OH“] =pH~14 (approximately at 25°C.) 
Then log fl^=log Kb + 14-pH. 


= Kb 


The dissociation constant of NH 4 OH is 1.8x10“°, and of urea is 
1.5 X10“^*. These data permit the setting up of similar tables for the frac¬ 
tions dissociated at different pH values for these substances (fig. 2). A 
typical protein, durumin, is also included from the titration curves mentioned 
earlier (from data of Hoffman and Gortner) . 





Fig. 2. Titrable acidity and alkalinity produced by changes in nitrogen cycle at 
different pH values. Proteins represented by durumin, the curve of which is plotted 
from data of Hoppman and Gortner (6) ; other proteins have different curves. 


When weak acids and bases are involved in these charts, the pH of the 
system is of very great importance in determining the magnitude of the 
changes in acidity. In a poorly buffered system the transformations may 
cause marked changes in pH. For these conditions the chart gives with 
considerable accuracy the amount of strong acid or base which must be 
added to keep the system at a constant pH. 

It is believed that the number of transformations given here may be 
extended by the simple expedient of using or finding the titration curves 
or dissociation constants of the bases and acids not shown. Thus other 
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proteins, the various amino acids, plant alkaloids, etc., may be added. It 
is realized that a small source of error may arise because of the use of the 
concentration formulas rather than of a consideration of the activity of 
the various ions involved. It is believed, however, that this development 
together with the charts will give a general picture of the results of these 
transformations sufficiently accurate for many purposes. 

Sulphur cycle 

In biology, transformations of sulphur are also important. As is well 
known, these may influence the H-ion concentration of the medium. From 
a consideration of the dissociation constants of the various acids of sulphur, 
similar tables and a chart may be set up. These acids dissociate in two 
stages, each with a different constant. The values given by Hodgman and 
Lange (7) are as follow^s: 

Constants foe 


Acid 

Fiest htdbooen 

Second hydeooen 

H,S 

9.1 X 10-« 

1.2 X 10-1® 

H,S 03 

1.7 X 10-=* 

5 xlO-* 

H„SO. 


2 xlO-* 


Figure 3 shows the effect of these transformations on the titrable acidity 


ProMtns y C/'emtr/r^art/ Jt//Pur. 



pAf Pb/t/es 

Fig. 3. Titrable acidity and alkalinity produced by changes in sulphur cycle at 
different pH values. 

at various pH values. Since the values for the titration curves of the 
proteins have been put into the nitrogen chart, the proteins in the sulphur 
chart are kept at neutrality through all of the pH values. It is interesting 
to note that a transformation of a gram-atom of sulphur as sulphide to 
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sulphate at pH 10 "gives but one equivalent of titrable acidity, while the 
same transformation at pH 4 will result in two such equivalents. At pH 
10 the sulphides occur as BHS and the transformation is then to BHSO 4 , 
which at that pH is fully effective as a mixture of B 2 SO 4 and H 0 SO 4 ; while 
at pH 4 the sulphide ion occurs practically undissociated as HgS and this 
is transformed to H 2 SO 4 , which at that pH is practically completely effec¬ 
tive as a fully dissociated acid. 


Carbon cycle 

As is well known, transformations within the carbon cycle influence the 
pH of the culture medium. The dissociation constants of many organic 
acids are available, but only a few will be considered here in order to reduce 
the confusion of the chart to a minimum. The dissociation constants of 
these from Hodgman and Lange are as follows: 


Acid 

H2CO3 

Acetic CH3COOH 
Formic HCOOH 


Dissociation constants for 
First hydrogen Second hydrogen 
3 X 10"^ 6 X 10-1" 

1.86 X 10-5 
2.14x10-^ 


As compounds of carbon, the sugars, alcohols, and proteins are consid¬ 
ered as not contributing to the titrable acidity or alkalinity. It is true that 
the proteins have a titration curve, but these contributions of the i)roleins 
to titrable acidity are for convenience attributed to the nitrogen cycle. 
Figure 4 brings out some of the relationships in the carbon cycle. 



Fig. 4. Titrable acidity and alkalinity produced by changes in carbon cycle at 
different pH values. 
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Because of the weak acids involved, some interesting points are brought 
out. In a highly buffered system, one gram-atom of carbon as sucrose 
transformed to HgCOg at pH 12 or 13 will cause about two equivalents of 
titrable acidity to appear; at pH 8 to 9, about one equivalent of acidity; 
and at pH below 4.5, practically no change in titrable acidity. 

The change of sugars to acetic acid, which has two gram-atoms of carbon 
per mol, results in the production of about one-half equivalent of titrable 
acidity for each gram-atom of carbon transformed in the region from pH 6 
to more alkaline reactions. With the oxidation of acetic acid further to 
CO 2 , especially at pH 5, the medium becomes more alkaline while at pH 12 
it becomes more acid. 

The transformations with formic acid are especially interesting. At 
pH 12 to 13 one gram-atom of carbon as formic acid is transformed into 
H 2 CO 3 with the production of about one equivalent of titrable acidity; at 
pH 8 to 9, with little or no acidity or alkalinity; and at pH 5, with the 
production of nearly one equivalent (0.9) of titrable alkalinity. 

Summary 

1. Relying upon the law of conservation of matter and from simple 
reactions in the main, it is shown that transformations from one form 
of nitrogen to another within the group Ng, urea, NH4NO3, NH 4 NO 2 , and 
proteins cause very little or no change in titrable acidity or alkalinity. 
Transformations from any one or all of this group to ammonia cause the 
appearance of about one equivalent of titrable alkalinity for each gram- 
atom of nitrogen changed. Transformations from this same group to 
nitric acid or nitrates result in the production of about one equivalent of 
titrable acidity for each gram-atom of nitrogen changed. 

2 . When weak acids and bases are formed, the pH of the medium is im¬ 
portant in determining the amount of titrable acidity and alkalinity pro¬ 
duced. This is especially true in some of the transformations that may 
take place in the sulphur and carbon cycles. Charts showing these rela¬ 
tionships are given. 

The writer is indebted to Dr. C. S. Bisson for many helpful suggestions 
during the preparation of the manuscript. 

XJnivbbsity of Caupornia 
Davis, Calip. 
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PHOTODYNAMICALLY INDUCED TROPISMS IN PLANT ROOTS^ 
H, F. Blum and K. G. Scott 
(with four figures) 

Metzneb (7) found that a positive phototropic response could be in¬ 
duced in the roots of wheat seedlings by growing them in dilute solutions of 
fluorescein dyes. Normally the direction of growth in these roots is not in¬ 
fluenced by light, but the presence of a very small concentration of dye 
{e,g.f 1/500,000) brings about a definite bending of the roots toward the 
light. This phenomenon is of interest from two standpoints: the informa¬ 
tion it may give as to the mechanism of tropic bending in plants, and the 
bearing it may have on the phenomenon of photodynamic action in general. 
In conducting the investigations described in this paper, we have been con¬ 
cerned with both of these questions. 

Method 

In most of the experiments the wheat seedlings were grown on cheese¬ 
cloth suspended at the surface of a solution contained in a glass vessel. 
Roots so grown readily penetrate the cheese-cloth mesh and the direction of 
their growth may be observed through the walls of the vessel. In most ex¬ 
periments a solution was used having the following composition: KH 2 PO 4 , 
0.001 M; KNO3, 0,05 M; MgSO^, 0.002 M; CaNOs, 0.05 M. This solution 
has a hydrogen-ion concentration corresponding to about pH 4.5. In some 
experiments the concentration was adjusted to other values by the addition 
of 0.1 N KOH. To these solutions, erythrosin^ was added when it was de¬ 
sired to produce phototropic responses. 

It was found that the effect of cylindrically walled vessels upon the di¬ 
rection of the light rays did not interfere with the production of phototro- 
pism, and various sized vessels of this type were used to suit the convenience 
of particular experiments. Light sources were several types of clear tung¬ 
sten-filament lamps. Various factors modify the magnitude of the reaction, 
of course, such as the concentration of the dye and the thickness of the dye 
solution between the light source and the roots; in any one set of experi¬ 
ments these factors were maintained as nearly constant as possible. A con¬ 
venient arrangement for observing the phenomenon was found to be as 
follows: The roots were suspended at approximately the center of a cylin¬ 
drical glass vessel 6 cm. in diameter, in a solution of 1/500,000 erythrosin 

1 This research was assisted by a grant from research funds of the University of 
California. 

* Erythrosin Schultz no. 912, made by National Aniline Company. This is tetra- 
iodo-fluorescein. 
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at about pH 4.5, with a 40-watt concentrated tungsten-filament lamp, 40 
cm. distant from the roots. These were approximately the conditions in 
most of our experiments; ordinarily they were performed in a black-walled 
room; otherwise precautions were taken to avoid any appreciable amount 
of light from sources other than the direct radiation from the experimental 
source. 



Fig. 1. Normal non phototropic wheat roots, age 10 days. Light source on the right. 

Description of the phenomenon 

Under the conditions just described the roots show a definite orientation 
toward the light source within the course of a few hours. Usually the orien¬ 
tation appears as an abrupt bending toward the source of light, regardless 
of the position of the source (compare figure 1® with figures 2® and 3®). In 
8 It was found necessary to transfer the plants to flat-walled vessels for photograph¬ 
ing. This disturbed the roots to some extent so that the orientation appears somewhat 
less exact than in the original vessels. 
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some cases, by placing the source above the seedlings, it was possible to pro¬ 
duce bending of the roots through almost 180®, so that they grew nearly 
vertically upward instead of in the normal positively geotropic manner. In 
some cases a curious unoriented bending occurs before orientation toward 
the light becomes definite (figure 2); this is probably due to the effect of 
the dark reaction of the dye, which will be discussed in a later section, and 
possibly also to the shading of some roots by others at certain points in 



PiQ. 2. Wheat roots 10 days old, sensitized after 5 days. Light source on the right. 

their bending. The growth of the roots after they have become oriented is 
usually not in a straight line, but in a series of short waves as is shown in 
figure 3 at A. It would seem that the root is caused to bend toward the 
light but bends too far and is reoriented. 

Metzner (7) has described variations in appearance of the induced 
tropism. He has separated the phenomenon into two types on this basis, 
active bending and passive bending. The former, in which the curvature 
is gradual, is produced by weak light and low dye concentrations. The 
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latter, in which the curvature takes place at an acute angle, is produced by 
stronger light and greater concentrations of the dye. We have been able 
to produce a great variety of shapes by altering the dye concentration and 
light intensity, but it seems that Metzner^s types simply represent differ¬ 
ent degrees of the same process, and that there is no real justification for 
the separation of the two types. 

Importance of the growing tip 

It was found that the orientation occurs only in the region of the root 
tip. If a few millimeters of the tip are cut off, the root no longer orients 
toward a light source. Likewise, if a beam of light is directed above the 
region of the tip of a normally downward growing root, no bending occurs. 
This experiment was performed by restricting the light to a narrow band 
striking the root well above the tip. No bending of roots so illuminated 
was observed, but roots developing later in the same culture were definitely 
oriented as soon as they grew down into the beam of light. 

These results offer an explanation for the zigzag growth of the oriented 
roots described above (figure 3 A). The extreme tip of the root, or root cap, 
is composed of a large number of cells which proliferate from the root meri- 
stem but do not contribute to the elongation of the root; the significant 
length growth takes place in the region just behind the root cap, as a result 
of active cell division and increase in cell size in a limited zone. The photo¬ 
tropic orientation is apparently accomplished by a differential growth on 
opposite sides of this zone of active growth, the growth being less rapid on 
the side toward the light source, so that the root tip bends in that direction. 
In paraffin sections this differential growth appears as a less degree of elon¬ 
gation of the cells on the illuminated side of the root than on the dark side. 
When by this process of differential growth the long axis of the root be¬ 
comes oriented parallel to the light rays, the apical region of the root shields 
the actual growing region from the light, so that the effect of the light upon 
growth ceases. The differential rate of growth continues for a time, how¬ 
ever, until the tip reaches a position at w^hich it is differentially illuminated 
again. The side of the root previously least illuminated now receives the 
greater amount of light and orientation occurs in the opposite direction. 
This process is repeated, producing the effect illustrated in figure 3 at A, 

Under the mieroscope we have been unable to determine from paraffin 
sections whether there is any degree of penetration of the dye into the roots. 
The macroscopic staining of the roots, however, indicates a considerable ac¬ 
cumulation of the dye at the surface at least. This staining is unequal, in 
general being greatest in the root cap and least in the region of growth just 
behind. It is probable that the least viable cells are the most readily 
stained, as is characteristic for fluorescein dyes, and that the staining in the 
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less rapidly growing regions may be due to the accumulation of the dye in 
dead or dying cells, particularly in the region of the root cap where cells 
are being constantly sloughed off under normal conditions. Certainly there 
is no indication that the macroscopic accumulation of the dye marks the 
region of greatest effective photochemical action. 



Fio. 3. Wheat roots 10 days old, sensitized after 2 days. Light source on the right. 

Dark reaction 

Most photodynamic dyes produce destructive effects in ceils when in suf¬ 
ficient concentration, even when they are carefully protected from light 
(Blum 3). This is particularly true of the fluorescein dyes, so that it is 
not surprising to find a marked effect of non-irradiated erythrosin on wheat 
roots. Boas and Merckenschlaoer (4) found that the roots of sprouting 
barley seeds were caused to undergo strange, unoriented bending by the 
addition of fluorescein dyes to the solution in which they were sprouted, al¬ 
though they were not actually growing in the solution. Our wheat roots 
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were likewise found to exhibit unoriented bendings within a few hours 
after they were introduced into the erythrosin solutions, although carefully 
maintained in the dark; these would seem to be similar to those described 
by Boas and Merckbnschlager. It was also observed that growth of the 
roots was distinctly delayed. It seems probable that the bending is due to 
the unequal rate of penetration of the dye on opposite sides of the root, 
growth being delayed most on the side where penetration is the most rapid. 

Blum (1) suggested that the photodynamic phenomena as observed are 
the resultant of two reactions, the dark reaction and the photo-reaction. 
Blum and McBride (2) have also shown that the two reactions are essen¬ 
tially different in that the photo-reaction requires the presence of molecular 
oxygen, whereas the dark reaction does not. It would seem that in the case 
of plant roots the dark reaction is capable of producing root bending by the 
differential delay of root growth, but that this differential effect is increased 
and given a definite orientation by the light reaction. The roots usually 
continue in a more nearly straight-line growth after the first bending, when 
it may be assumed the dye has penetrated more evenly at all surfaces of the 
root. 

Parallel with the findings of Jodlbaueb and Haffner (6) and of Blum 
( 1 ) that the hemolysis of red blood cells by non-irradiated fluorescein dyes 
is favored by increased hydrogen-ion concentration, it was found, in gen¬ 
eral, that the bending of the roots was more pronounced at pH 4.6 than at 
pH 7, and that the delay of root growth was also greater in the more acid 
solution. If the hypothesis of Blum (1) is correct, the phototropic orienta¬ 
tion involves two important components, the photo-reaction and the dark 
reaction. The first, of course, varies with the concentration of dye and with 
the intensity of incident light; the second should vary with the concentra¬ 
tion of dye and with the hydrogen-ion concentration. Optimum conditions 
for phototropic bending must depend upon the proper selection of condi¬ 
tions with respect to these factors, and also, apparently, with the age and 
normal rate of growth of the root. It is diflScult, therefore, to make gen¬ 
eralizations with regard to the role of the various factors involved. For in¬ 
stance, our observations indicate in general that the phototropic bending is 
more pronounced at pH 4.6 than at pH 7.0. With strong light intensities 
this may be reversed, however, owing apparently to the delay of growth in 
the more acid solution to such an extent that the phototropic curvature is 
not observable. 


Active radiation 

Numerous investigators have made approximate determinations of the 
wave lengths of radiation active in bringing about photodynamic effects 
(Blum 3). All such determinations indicate that these effects are depen- 
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dent upon a photochemical reaction in which the dye molecule is activated 
by light. The following experiments have been conducted to determine the 
wave lengths active in inducing phototropic bending in wheat roots sensi¬ 
tized with erythrosin. 

In these experiments a 500-watt Mazda lamp of the projection type was 
employed as a source, and various Corning glass filters were used to restrict 
the wave lengths incident on the photosensitized roots. The energy incident 
upon the roots was varied by placing them at different distances from the 
source, the reciprocal of the square of the maximum distance at which ori¬ 
entation of the roots in the direction of the source could be determined 
being taken as an index of the threshold intensity. 



Fig. 4. Absorption curves of dye (E) and filters used. 

It was found that no orientation could be obtained when the light was 
passed through Corning filter 348, which absorbs all radiation in the visible 
below 570 mp, or through Corning filter 986, which absorbs between ap¬ 
proximately 400 and 700 mp. Thus the wave lengths active in producing 
orientation lie between 400 and 567 m^x. The erythrosin solution which was 
used in the experiments absorbs in the visible between 445 and 570 m[i, so 
that these experiments indicate at once that the active wave lengths lie 
within the absorption spectrum of the dye. 

A still more definite correspondence between the active radiation and 
the absorption of the dye is shown by an analysis of the data for filters 
transmitting in the region of absorption of the dye. It is obvious that the 
true threshold intensity should be that quantity of incident radiant energy 
which is absorbed by the photosensitizer in the roots. This quantity of en¬ 
ergy was estimated in the following way. The transmittance of the dye 



532 


PLANT PHYSIOLOGY 


solution used (1/500,000 er 3 i;hrosin) was determined for various wave 
lengths by means of a spectrophotometer. According to Beer^s law for ab¬ 
sorption in solutions 

- logT;, = lcK, (1) 

where is the transmittance or fraction of the incident light of wave 
length A which is transmitted, 1 the thickness and c the concentration of the 
absorbing solution, and Kx a constant for the particular wave length A. 
Assuming that the sensitized region in the plant root represents a given 
thickness of dye solution of a given concentration, 1 and c may be taken as 
constant, so that 

^ log T, = K; (2) 

Thus -logT^ may be taken as an index of the relative absorption of 
light of wave length A by the dye in the sensitized region of the root, re¬ 
gardless of the actual concentration of dye or the thickness of this region. 
The values of - log T^^ must be corrected for the emission of the source, and 
when filters are used, for the transmission of the filter. If L represents the 
corrected values, we may wite 

L = I*S, (-logT,) (3) 

where is the energy emitted by the source and the transmittance of 
the filter at this wave length. When no filter is used is unity, of course; 
and when a filter is used whose transmission is outside the absorption of the 
dye, is 0. 

Relative values of for various wave lengths were obtained by calcu¬ 
lating from WiEN^s equation (Harrison 6 ) the emission of a black body at 
3280® K. This latter value is the maximum color temperature for a 500- 
watt Mazda projection lamp, the type used as a source. The values of 
for the various filters used were determined by the spectrophotometer. 

Further corrections are necessary for a rigid treatment which, however, 
do not greatly alter the magnitude of the threshold values obtained. Actu¬ 
ally we are not interested in the incident energy but in the relative number 
of light quanta incident. 

If is the number of quanta for intensity 



and since v = ^ 

A 


( 4 ) 
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where v is the frequency, c the velocity of light, and h is Planck con¬ 
stant. 

Since h and c are constant, we may write 

n; = X I, (6) 

where is the relative number of quanta. 

Correcting according to (3) we obtain 

N; = Xl,S*(-logT,) (7) 

Under the conditions of our experiment the light must traverse a given 
thickness of dye solution before reaching the root. The absorption in this 
layer is not, of course, the same for the different wave lengths. In our ex¬ 
periments the thickness of solution between the root and the source was not 
exactly the same in all cases, but may be assumed as 1 cm. since the roots 
were suspended as near the center of tubes 2 cm. in diameter as was reason¬ 
ably possible. To correct for this factor the values of were all multi¬ 
plied by the transmittance of 1 cm. of the dye solution. Since T^ was cal¬ 
culated for 1 cm. of solution, the equation corrected for this factor becomes 

N; = X I, S, T, (8) 

This latter correction may amount to 30 per cent, of the light quanta at cer¬ 
tain wave lengths. 

In figure 4, E represents the absorption curve of the dye corrected as 
above, and curves for the various Corning glass filters used are each indi¬ 
cated by the number of the filter. The areas under the various curves were 
obtained by measuring with a planimeter. The ratio of the area under any 
curve to the area under the total absorption curve E indicates the propor¬ 
tion of the light absorbed after passing a given filter to the total absorption 
without a filter. These ratios are the values A in table I. The relative 
value of the radiant energy which wdll just produce orientation of the sensi¬ 
tized root, t.e., the threshold value, should be 

d" 

where d is the distance from the source at which orientation can just be de¬ 
tected. 

Obviously, if our assumptions are correct, there should be a certain de¬ 
gree of agreement between these threshold values. This is indicated by the 

A 

data in table I, where the values of ^ are certainly of the same order. 

Some diflBculty was incurred in selecting the distance at which orientation 
first occurs. Since the roots are caused to change their direction of growth 
by the action of the dye even in the absence of light, some roots will nearly 
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TABLE I 

(Skb text fob explanation of symbols) 





A 


PlLTEE 

A 

(meters) 

gsxlO* 

Tropism 



8.00 

1.6 

+ 

0 

1.00 

8.00 

1.6 

0 

351 


3.32 

1.4 

+ 

0.16 

4.00 

1.0 

0 



1.52 

2.0 

+ 

554 

0.045 

1.50 

2.0 

0 



6.17 

1.3 

+ 

352 

0.48 

6.17 

1.3 

0 

585 


0.53 

2.5 

4- 

0.007 

0.60 

1.9 

1 0 

502 


3.62 

2.3 

4- 

0.30 

4.00 

1.9 

0 

428 


6.20 

1.6 

4- 

0.60 

6.50 

1.4 

0 

348 

0.00 

1.30 


0 

246 

0.00 

0.10 


0 

986 

0.00 

0.25 

Average = 1.8 

0 


always be directed toward the source. For this reason orientation was con¬ 
sidered to have taken place only when a majority of the roots showed a 
characteristic sharp bending toward the light. To indicate the good agree¬ 
ment of the values of d thus taken, the values have been recorded in table I 
for both the greatest distance at which orientation was observed and the 
least distance at which no orientation occurred; these values were obtained 
from the results of five to eight experiments. It will be seen that the devia¬ 
tion from the average value is within 40 per cent., which may be considered 
as good agreement for this type of experiment. More exact values could 
probably be obtained by more precise measurements, but those obtained 
show a sufficiently close agreement to indicate definitely that the primary 
reaction in the phototropic phenomenon is the activation of the dye mole¬ 
cule by light. 

Question of oxygen requirement 

Attempts were made to determine whether the removal of oxygen would 
inhibit the phototropism, since, as pointed out by Blum (3), molecular oxy¬ 
gen is characteristically required in photodynamic phenomena. It was 
found, however, that removal of the oxygen to a low level by bubbling Ng 
through the solution inhibited the root growth in itself, so that fair com¬ 
parison could not be made with roots grown in air. Although this question 
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remains without definite answer for the present, it may be fairly assumed 
that molecular oxygen is necessary for induced tropisms, since this has been 
demonstrated in numerous other photodynamic phenomena. 

Discussion 

The phenomenon of photodynamieally induced tropic bending in wheat 
roots would appear to be based upon the same type of photochemical reac¬ 
tion as other photodynamic effects, namely, an oxidation of cell constituents 
by molecular oxygen, the dye acting as a photosensitizer. The effects of this 
reaction are modified, apparently, by the dark reaction of the dye. The 
bending appears due to a differential growth on the two sides of the root, 
whatever the mechanism of its production. The dark reaction may play a 
very important part in this differential growth, since in general the total 
length of roots grown in the dark in the dye solutions is found to be consid¬ 
erably less than those grown in the absence of dye. The introduction of dye 
causes unoriented bending of the roots, probably due to unequal penetration 
and consequent unequal inhibition of growth on opposite sides of the root 
as suggested above. It may be that the photochemical reaction itself serves 
only to alter the permeability of the growing cells to the dye, thus giving an 
orientation to the delay of growth by the dye. This question, of course, can¬ 
not be answered by our experiments. 

The bearing of the phenomenon on tropisms in non-sensitized plants is 
difficult to determine at present. It seems reasonable to propose, however, 
that phototropic bendings may be based upon photochemical reactions of 
the same type as the photodynamic phenomena. In such case it would be 
necessary to assume that a photosensitizing substance of the general type of 
the photodynamic dyes is present. This is not an unreasonable assumption, 
since various porphyrins are found among plants and such compounds gen¬ 
erally produce photodynamic effects. Further generalization cannot be 
made without thorough cytological investigations. 

Summary 

1. Phototropic bending in the roots of wheat seedlings induced by the 
action of erythrosin and light are described. 

2. It is probable that the phototropic bending represents the combined 
effect of the photo-reaction and the dark reaction of the dye. 

3. The wave lengths of light producing the phototropic bending corre¬ 
spond to the absorption spectrum of the dye, indicating that the dye acts as 
a photosensitizer. 

Univbesity op Calipornia 
Berkeley, California 
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NUTRIENT ELEMENTS USED BY LEAVES AND GROWTH 
OF APPLE TREES^ 

Edmund Bueke and H. E. Morris 

Introduction 

Considerable study has been given to the influence of fertilizers on the 
chemical composition of various parts of the tree and of the fruit, but the 
problem as to when the tree requires its greatest food supply has received 
comparatively little attention. Previous work by the writers indicates that 
the blossoms, leaves, and early growth remove much of the plant foods 
stored in the tree during its dormant period and that during the early 
growth the tree makes its greatest demand on the nutrient elements in the 
soil. The purpose of the present study was to determine to what extent the 
new leaves and early spring growth utilize the plant foods stored in the 
dormant tree, and the amount taken from the soil. The samples of apple 
tissue used in this investigation were obtained from the Mclntosh-Morello 
Orchard in the Bitter Root Valley, Montana. 

Murneek ( 4 ) maintains the necessity of an abundance of nutrients at 
certain critical periods for apple trees, such as during full bloom and pre¬ 
ceding the June drop. Roberts (5) suggests that the failure to set is due 
to nutritional causes rather than to a lack of pollination or fertilization. 
Gourley ( 1 ) states that twig growth practically ceases by July 1, and 
shows by charts that the greatest rate of growth is during the early grow¬ 
ing period. Howlett ( 2 ) gives in tabulated form the amount of nitrogen 
removed by flowers up to full bloom, and in his discussion of the relation 
of water supply to first drop states: ‘‘However, the question is still unde¬ 
cided as to whether the fall of bloom from spurs under ordinary circum- 
stancas is not due more to a deficiency of nitrogen than to a deficiency of 
water.” Loew (3), after analyzing the bark of cherry trees for several 
seasons before and after full bloom, found that after the blooming period 
the bark had last 37.16 per cent, of protein, 30.35 per cent, of fat, and 40.59 
per cent, of starch. 

No attempt is made to cite all the literature relating to the importance 
of an abundance of plant nutrients when the tree is in blossom and leafing 
out. SuflSce it to say that the value of an abundance of plant foods in the 
tree and in the soil has been recognized by several investigators. 

Unpublished data by the writers show that fertilizers, especially nitrog¬ 
enous fertilizers, do have a decided influence on the chemical composition 

1 Contribution from Montana State College, Agricultural Exi)eriment Station, Paper 
no. 28, Journal Series. 
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of the apple fruit, twigs, leaves, and fruit spurs; and that the blossoms, 
young leaves, and new wood growth are exceptionally rich in nitrogen, 
phosphorus, and potassium. In the blossoms, young leaves, and new wood 
the percentages of these elements were greater than at any subsequent 
period. As a matter of fact, there was a decrease in the percentages of 
these plant nutrients in the leaves from their early formation until they 
dropped in the autumn. The twigs contained the greatest percentages of 
nitrogen and phosphorus while the tree was dormant, and the least at about 
the time the leaves had attained their normal size. These results seem to 
indicate that the greatest demand on the plant nutrients in the tree and soil 
is made at about the time the tree is in full bloom and the leaves and early 
growth are very active. 

Experimentation 

In the spring of 1930, two apple trees of nearly equal size and vigor, 
growing near each other and about 20 years old, were selected for analysis. 
These trees were growing on a soil low in plant food, especially nitrogen, 
hence the annual terminal growth had not averaged more than 3 to 4 inches. 
One tree, designated the dormant tree, was removed April 9, while in a 
dormant state and the other, designated the active tree, was removed June 
11, at about the time the leaves had attained their normal size. 

The material was divided into root, trunk, large limbs, small limbs, and 
twigs. The green weight of each division, except the roots, was determined 
before samples were taken for analysis. Samples of the 1926, 1927, 1928, 
and 1929 growth were also taken for analysis. In addition the leaves and 
spring (1930) growth were removed from the limbs of the active tree, 
weighed, and sampled. 

The nitrogen, phosphorus, calcium, and magnesium contents were deter¬ 
mined by methods adopted by the Association of Olfieial Agricultural Chem¬ 
ists. The potassium content was determined by the perchloric acid method. 
The moisture content of each sample was determined. A sufficient quan¬ 
tity of roots from each tree was dug to secure representative samples, but 
no attempt was made to remove the entire root system. The results of all 
analyses are calculated on the water-free basis. 

Chemical data 

Table I gives the percentages of five mineral nutrients found in the 
trees. It shows that in the dormant tree there is a gradual reduction in 
the percentages of these plant nutrients from the 1929 growth to the trunk, 
but that the roots are relatively rich in these nutrients. This general trend 
is^lso apparent in the rapidly growing tree. It is of interest to note that 
the percentages of all plant nutrients, except potassium, are higher in the 
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dormant tree. This indicates that a considerable amount of these nutrient 
elements is stored in the tree and its root system during the dormant period. 
Potassium is not stored in the newer wood, but is found in largest quantities 
in the large limbs, trunk, and roots of the dormant tree. 

TABLE I 

Percentage op nitrogen, phosphorus, potassium, calcium, and magnesium in a 

DORMANT AND IN A RAPIDLY GROWING APPLE TREE 
(percentages CALCULATED ON WATER-FREE BASIS) 


TREE NO. 1 (DORMANT) 


Material 

Nitrogen | 

Phos¬ 

phorus 

Potassium 

Calcium 

Magne¬ 

sium 


% 

% 

% 

% 

% 

1929 growth 

0.900 

0.1787 

0.484 

1.948 

0.1455 

1928 growth . 

0.565 

0.1156 

0.191 

0.985 

0.0860 

1927 growth 

0.405 

0.3068 

0.177 

0.953 

0.0740 

1926 growth 

0.380 

0.0855 

0.164 

0.904 

0.0724 

Small limbs 

0.245 

0.0655 

0.135 

0.629 

0.0560 

Large limbs (scaffold) 

0.195 

0.0409 

0.147 

0.534 

0.0411 

Trunk 

0.120 

0.0293 

0.098 

0.285 

0.0355 

Boots . . 

0.450 

0.1579 

0.394 

0.655 

0.0842 


TREE NO. 2 (ACTIVE) 


Leaves and 1930 growth 

1.800 i 

0.3720 

1.840 ! 

1 

1.419 

0.2741 

1929 growth 

0,425 

0.1263 

0.490 

1.583 

0.0678 

1928 growth 

0.335 

0.1008 

0.351 

1.124 ' 

0.0508 

1927 growth 

0.250 

0.0957 

0.299 

0.955 

0.0531 

1926 growth 

0.250 

0.0831 

0.245 

0.975 

0.0557 

Small Umbs 

0,195 

0.0813 

0.219 

0.883 

0.0548 

Large limbs (scaffold) 

0.130 

0.0534 

0.059 

0.471 

0.0415 

Trunk . . 

0.095 

0.0464 

0.043 

0.219 

0.0183 

Boots . .. 

0.175 

0.1212 

0.039 

1 0.537 

1 

0.0688 


The storage of potassium during dormancy differed from that of other 
nutrients examined, in that the percentages were considerably lower in the 
1926 to 1929 growth, inclusive, in the dormant tree than in the rapidly 
growing tree. The analyses indicate that the percentages of potassium 
present in the different parts of the tree probably are influenced largely by 
sap flow. As the sap recedes most of the potassium finds its way to the roots 
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and lower portions of the tree, where it remains until the sap again rises. 
Insoluble compounds of potassium are rare and it is reasonable to assume 
that most of the potassium is in solution and that its distribution is gov¬ 
erned by the flow of the sap. 

Nitrogen and phosphorus differ from potassium in that they form many 
insoluble organic compounds. It is therefore reasonable to suppose that 
during the autumn months they migrate from the leaves to the new wood 
where they form insoluble compounds and remain during the dormant 
period. A portion of these elements, however, does find its way to the older 
wood and even to the roots. 

Calcium behaves somewhat like potassium. With the exception of the 
1929 growth, the percentages of calcium are higher in the upper portion 
of the active tree than in the dormant tree, which indicates an upward 
movement of the calcium in the tree when it became active. 

Magnesium behaves more nearly like nitrogen and phosphorus in its 
distribution during the flow^ of sap, and it probably forms insoluble com¬ 
pounds which are stored in the younger growth during the dormant period. 

Assuming that the two trees are alike, it is apparent from the data pre¬ 
sented that the leaves, blossoms, and new growth make a tremendous de¬ 
mand on the plant food stored in a dormant tree. 

TABLE II 

Weight of nitrogen, phosphorus, potassium, calcium, and magnesium in different 

PARTS OF TREES NO. 1 AND NO. 2. TeEE 1 (DORMANT) SAMPLED APRIL 9, 1930; 
tree 2 (ACTIVE) SAMPLED JUNE 11, 1930 


TREE NO. 1 (dormant) 


Parts 

Dry 

WEIGHT 

Nitro¬ 

gen 

Phos¬ 

phorus 

Potas¬ 

sium 

Cal¬ 

cium 

Magne¬ 

sium 

Twigs and small limbs 

gm, 

17,288 

gm. 

87.99 

gm, 

19.54 

gm, 

39.24 

gm. 

192.93 

gm. 

15.39 

Large limbs (scaffold) 

11,088 

21.02 

4.53 

16.30 

59.21 

4.56 

Trunk . 

5,532 

6.64 

1.60 1 

5.42 

15.77 

1.94 

Total 

33,908 

116.25 

25.67 ' 

60.96 

267.91 

21.89 


TREE NO. 2 (ACTIVE) 


Leaves and 1930 growth . . 

5,625 

101.25 

20.93 

103.50 

79.76 

15.41 

Twigs and small limbs 

15,470 

45.64 

15.01 

49.66 

169.09 

8.66 

Large limbs (scaffold) . 

10,853 

14.11 

5.75 

6.40 

51.12 

4.56 

Trunk . 

4,703 

4.47 

2.36 

2.02 

10.30 

0.85 

Total . 

36,651 

165.47 

43.85 

161.58 

310.27 

29.48 
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The total weights in grains of the five nutrients in the trees, exclusive 
of the roots, are given in table II. The active tree was somewhat smaller 
than the dormant tree, and even if the percentages of plant nutrients had 
been as great the total weight would be less. The data given in table III 
are a recalculation of the data given for the active tree in table II, assuming 
that, exclusive of 1930 growth, it was equal in weight to the dormant tree 
and that the amount of plant nutrients was increased in the same ratio. 

According to the data given in table III, there were 116.25 gm. of nitro- 


TABLE III 

Weight op niteogen, phosphorus, potassium, calcium, and magnesium when 

TREE NO. 1 AND TREE NO. 2 ARE CALCULATED TO EQUAL WEIGHTS 



TREE NO. 1 (dormant) 

Parts 

Dry 

WEIGHT 

Nitro¬ 

gen 

Phos¬ 

phorus 

Potas¬ 

sium 

Cal¬ 

cium 

Magne¬ 

sium 

Twigs and small limbs 

gm, 

17,288 

gm, 

87.99 

gm, 

19.54 

gm, 

39.24 

gm, 

192.93 

gm. 

15.39 

Large limbs (scaffold) 

11,088 

21.62 

4.53 

16.30 

59.21 

4.56 

Trunk 

5,532 

6.64 

1.60 

5.42 

15.77 

1.94 

Total 

33,908 

116.25 

25.67 

60.96 

267.91 

21.89 


TREE NO. 2 (active) 


Le«aves and 1930 growth 

6,147 

110.65 

22.87 

113.10 

87.16 

16.84 

Twigs and small limbs . 

17,288 

60.00 

16.77 1 

55.49 

188.96 

9.68 

Large limbs (scaffold) . 

11,088 

14.41 

5.88 

6.21 

52.22 

4.66 

Trunk 

5,532 

5.26 

2.54 

2.38 

12.12 

1.00 

Total in twigs, small limbs, 







large limbs, and trunk 

33,908 

79.67 

25.19 

64.08 

253.30 

15.34 

Grand total 

40,055 

190.32 

48.06 

177.18 

340.46 

32,18 


gen in the dormant tree and 79.67 gm. of nitrogen in the active tree, ex~ 
elusive of leaveif and 1930 growth. This means that the leaves and 1930 
growth have drawn on the reserve nitrogen supply to the extent of 36.58 
gm., but as the leaves and 1930 growth contained 110.B5 gm. of nitrogen, 
the additional supply of 74.07 gm. was derived from the roots and soil. 

The total weight of phosphorus in the dormant tree was 25.67 gm., while 
that in the active tree, exclusive of leaves and 1930 growth, was 25.19 gm.,. 
a loss of less than 0.5 gm. The leaves and 1930 growth contained 22.87 gm., 
however, an excess which must have come from the roots and soil. 
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The weight of potassium was 60.96 gm. in the dormant tree and 64.08 
gm. in the active tree, exclusive of the 1930 growth. The 1930 growth and 
leaves contained 113.10 gm., making a total of 177.18 gm. of potassium in 
the active tree. This means that 116.18 gm. had to be taken from the roots 
and soil. It is evident from the analyses given in table I that a considerable 
portion of that amount was taken from the roots, for the percentage of 
potassium in the roots of the dormant tree was ten times the percentage 
found in the roots of the active tree. 

The weight of calcium found in the dormant tree was 267.91 gm., while 
that found in the active tree, exclusive of leaves and 1930 growth, was 
253.30 gm. This means that the active tree, exclusive of leaves and 1930 
growth, had lost 14.61 gm. while the leaves and 1930 growth had taken up 
87.16 gm. From this calculation the leaves and 1930 growth took 72.55 gm. 
of calcium from the roots and soil. 

The weight of magnesium in the dormant tree was 21.89 gm. against 
15.34 gm. in the active tree, exclusive of leaves and 1930 growth. The loss 
in the active tree was 6.55 gm. This means that the leaves and 1930 growth 
derived 10.29 gm. of magnesium from the roots and soil. 

Discussion 

In considering the data presented it must be remembered that they 
represent the analyses of only one set of trees, and it is doubtful whether 
the analyses of another set would check these data in every detail; but any 
differences would probably not affect the interpretations. The percentages 
of nitrogen, phosphorus, and potassium in the 1929 growth of the dormant 
tree (table I) were comparable with those found in twigs collected from 
other orchards in the same fruit section where apple trees w’ere making a 
greater growth and producing normal crops. However, the nitrogen in the 
leaves and 1930 growth collected on the same day from adjacent orchards 
contained from 2.12 to 2.25 per cent. Leaves from trees fertilized with 2 
pounds of ammonium sulphate and 2 pounds of sodium nitrate per tree, 
in the spring of 1929 and in 1930, contained as much as 2.57 per cent, of 
nitrogen. These data indicate that the amount of nitrogen in the active 
tree and in the soil was not sufficient for normal growth. The lack of plant 
nutrients was further indicated by the fact that this tree blossomed heavily 
but failed to set fruit. 

The phosphorus content of the leaves and 1930 growth of the active 
tree was somewhat greater than the content of comparative samples taken 
from unfertilized trees in another orchard, and from trees which had re¬ 
ceived a liberal application of phosphate fertilizer in the springs of 1929 
and of 1930. This indicates that the phosphorus supply was sufficient for 
normal growth and fruiting. 
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The potassium content in the leaves and 1930 growth of the active tree 
was somewhat lower (1.84 per cent, as compared with 1.80 to 2.25 per cent.) 
than that found in ten samples from other trees which were making normal 
growth and fruiting. The leaves and new growth make a heavy potassium 
demand on the tree and soil, yet it is doubtful whether this percentage was 
sufficiently low to affect the fruiting or to interfere with the photosynthesis 
of the leaves. 

Summary 

1. Knowledge regarding the nutrient requirements of a tree, especially 
during early spring, is of great importance in conducting fertilizer ex¬ 
periments. 

2. The results of this investigation showed that the leaves and new 
growth of an apple tree secured from the roots and soil 66.9 per cent, of 
their nitrogen, 97.9 per cent, of their phosphorus, 100.0 per cent, of their 
potassium, 83.2 per cent, of their calcium, and 61.1 per cent, of their mag¬ 
nesium. 

3. The active tree made a large demand on the nitrogen supply, re¬ 
ducing the amount stored in all parts of the tree. 

4. Nitrogen stimulates tree growth more than either phosphorus or 
potassium, and when it is found in the soil in an available form in sufficient 
quantities the tree makes a normal growth and the leaves are large and 
dark green in color. The leaves on the active tree were small and light 
green in color, which confirms the belief that a lack of nitrogen was respon¬ 
sible for subnormal growth and failure to set fruit. 

5. The phosphorus demand decreased the supply in the 1926 to 1929 
growth and in the roots, while the supply in the large and small limbs 
increased. Comparative data indicate an ample supply of phosphorus for 
normal growth. 

6. The percentage of potassium increased in all parts of the tree above 
the small limbs, but showed a decided decrease in the large limbs, trunk, 
and roots. The supply of potassium in various parts of the tree is largely 
influenced by the sap flow. 

7. Calcium behaved similarly to nitrogen, and magnesium was similar 
to potassium in its movement. 

8. A tree making rapid growth in the spring cannot depend entirely 
upon the nutrients stored within it, but must secure a portion of its supply 
from the soil. 

9. It is important that soils in which trees are grown contain an ample 
supply of nutrient elements and that the soil be sufficiently moist to keep 
them available for early spring growth. 

Aqbioultueal Experiment Station 
Montana State College 
Bozeman, Montana 
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CONTROLLED THERMOSTATS FOR PHYSIOLOGICAL STUDIES 
AT LOW, NON-FREEZING TEMPERATURES 

F. C. Steward 
(with two figures) 

The frequent necessity for temperature control comparable with that 
commonly practiced in physico-chemical investigations is now somewhat 
generally recognized by plant physiologists. When merely a single, arbi¬ 
trarily chosen temperature is adequate, the use of the now familiar gas or 
electrically heated ovens or thermostats which operate above room tempera¬ 
ture offers no difficulty. In some respects, however, the physiological 
interest in temperatures between 0® C. and room temperature is greater 
tlian that in temperatures of the higher ranges. Especially at low tem¬ 
peratures it is unsafe to presume that a physiological process will have a 
constant temperature coefficient irrespective of the range chosen. For many 
purposes, therefore, it is desirable to carry out physiological determinations 
simultaneously at several selected, controlled, low temperatures. Not all 
laboratories have at their disposal a series of such control rooms, and even 
where these are available it is not always practicable to adjust them with 
the precision often required, or to repeat in separate chambers other equip¬ 
ment incidental to the study in question. 

The arrangement here described consists of three relatively large water 
baths which may be maintained continuously at almost any desired tem¬ 
perature greater than 0° C.^ The design of the baths offers the maximum 
amount of free space, and their size is adequate for relatively large-scale 
operations to be conducted in duplicate at each temperature if desired. The 
total cost is not excessive, and for a moderate outlay provides all the advan¬ 
tages of a large refrigerator cabinet plus three chambers whose tempera¬ 
tures may be accurately controlled at will. The whole arrangement, 
although compact, is somewhat more extensive than commonly assembled 
on the laboratory scale. 


Cooling unit and cabinet 

The recent advances in domestic refrigeration have developed a variety 
of standard refrigerators which have met with extensive laboratory use. 
The outlay for the larger finished models, including both unit and cabinet, 
is usually considerable, and they are not altogether adaptable for experi¬ 
mental purposes. The refrigeration units can be separately purchased at 
ilf necessary, the output of the unit would be adequate to use for at least one 
bath below 0® C. 
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much lower cost, however, and incorporated with laboratory apparatus. In 
the arrangement to be described an Electrolux unit was utilized. This 
model contains no moving parts, is noiseless in operation, and involves the 
minimum of installation as it requires only access to the mains and fixed 
feed and waste pipes for condenser water. The maximum output available 
from the model used (series 20 unit) is 1200 B. Th. U. per hour (302 
Kg. cal.). This is somewhat larger than can be obtained from single units 
of the domestic type, although there is no reason to suppose that two smaller 
units operating side by side would not be equally satisfactory. This, how¬ 
ever, might involve greater difficulties in mounting. 

The unit described noririally operates in a vertical position with its 
cylindrical cooling surface in air, but for the purpose in question it is more 
suitably immersed in fluid. This can be effected by building around the 
cooling surface a stout galvanized iron tank (10x13x26 inches). To 
facilitate this arrangement, a rectangular plate may be welded^ to the 
horizontal 2-inch pipes (technically known as the ‘‘gas heat exchange”) 
connecting with the cooling surface, and to this the tank can be rigidly 
bolted, all joints being packed with red lead to prevent leakage. In this 
way the cooling surface can be immersed in any desired fluid, about 150 
liters of which are required to cover it. The unit, which weighs some 370 
lb. (117 Kg.), is securely bolted to a rigid framework having adequate sup¬ 
ports for the cooling tank. It is necessary to reduce radiation loss from the 
tank to a minimum. To this end, and also to provide much of the conve¬ 
nience of a standard refrigerator, the cooling tank is surrounded by a large, 
double-walled, insulated cabinet, leaving the boiler, condenser coils, etc., 
outside at the rear. The space between inner and outer wall (2 in.) is 
completely filled with sheet refrigerator cork of this thickness. For the 
walls of the cabinet, horizontally arranged tongued and grooved boards 
(f in. thick) are adequate. In an improvized structure of this kind hinged 
doors are likely to cause leaks; tightly fitting, “hatch” doors (double- 
walled and cork-insulated), which can be removed entirely when desired, 
are much more satisfactory. The cabinet illustrated in the diagram (fig. 1) 
has one such in the lower front center (36" x 3"); one in the top (12" x 19") 
allows access to the cooling tank; and a third (in the upper right side) is 
available for general access to the cabinet and is useful when it is necessary 
to remove accumulated frost from the sides of the tank. The total internal 
volume of the cabinet is 16 cu. ft.; of this about 2 cu. ft. are occupied by 
the cooling tank itself and the remainder (of which about 9 cu. ft. are 
present as a single unobstructed chamber beneath the cooling tank) is avail¬ 
able for general cold storage purposes. Experience has shown that this 

2 This is best done by the manufacturer before the unit is charged with hydrogen 
and ammonia. 
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Pio. 1. Diagram of bath and cooling unit. Drawn by N. Wabr. 
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arrangement, constructed by relatively unskilled labor, is effective and has 
all the convenience of a much more elaborate and expensive cabinet, espe¬ 
cially if excessive external demands are not made upon the output of the 
unit* In the arrangement illustrated in figure 1 no great precision was 
demanded when using the cabinet, but there is no reason why thermostatic 
control should not be incorporated if desired. An even larger cabinet could 
be built around the unit if adequate insulation could be provided. 

Circulating system 

The cooling surface, immersed in fluid, offers a source of cold which 
may be distributed at will. Of the two solutions commonly used for re¬ 
frigeration purposes, calcium chloride and glycerin, the latter is more 
satisfactory. It appears to be less corrosive to the copper cooling coils, and 
the viscosity of a 40: 60 glj^cerin-water mixture by volume is not excessive. 
The maximum efficiency of the unit is obtained at an extraction temperature 
of -5° C., and the concentration stated is more than adequate to prevent 
freezing at temperatures below this. The cold glycerin-water mixture, 
drawn oflE from the base of the cooling tank, is circulated through copper 
coils (internal diameter 0.25'', external diameter 0.375") situated at the 
base of each of the three thermostats. Figure 1, first compartment, illus¬ 
trates this point. (To avoid overcrowding the diagram, the features of the 
three baths are shown in separate compartments in figure 1, although actu¬ 
ally the fittings were replicated in all three baths. Also the circulating 
system has been shown diagrammatically and not exactly as in situ.) Slach 
Coil has four complete turns and the inlet and outlet are securely fixed to 
the teak wall with suitable unions. Leads, shown diagrammatically in figure 
1, are arranged so that the cooling fluid traverses the three coils separately 
(coils in parallel) and passes by a common return to the top of the cooling 
tank. In this way, by controlling the rate of flow (using taps TrJ 

to each of the three coils, the batlis can be maintained at different tempera¬ 
tures. Experience shows that much greater control can be exercized and 
the desired temperatures more readily obtained if the flow through the coils 
can be changed at will from parallel to series. In the latter case the cooling 
liquid passes in turn through all tliree cooling coils at the same rate and 
three different temperatures are maintained in the baths. For this method 
the total rate of flow is controlled by tap (To, Tg are closed) and the 
two-way taps (Tq, Tj, T^) are adjusted as indicated in the lower part 
of figure 1. Since radiation from the external copper leads is considerable, 
all connections and metal portions must be insulated, leaving only the con¬ 
trol taps free. A double layer of tightly wrapped thick felt provides a 
convenient and effective insulation. To maintain an adequate circulation 
of the cooling mixture, a small gear pump, such as is used for oil circu- 
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lation in an automobile engine, is inserted in the cooling circuit. The 
pump actually in use is the normal fitting for an Austin car, but this has 
been fitted with a gland around the driving spindle to prevent leakage of 
the glycerin mixture. The pump is driven by means of a chain and 
sprockets from the main drive of the apparatus. Two speeds are obtained 
by using two sizes of sprockets on the pump spindle. Since the efficiency 
of the cooling system depends upon a uniform rate of flow of the glycerin 
mixture, the chain drive described is preferable to a belt drive. When 
using the coils in parallel, the total flow is of the order of a pint a minute, 
but when using the coils in series it is considerably smaller. 

Thermostats 

The three thermostats, each of which has a volume of about 5 cu. ft., 
are constructed of stout teak 1.25" thick, jointed and the joints sealed with 
red lead, and have a 3-inch space packed with insulating material sur¬ 
rounding them on two sides and the base (figs. 1, 2). It proved more con¬ 



venient to eliminate insulation along the length of the apparatus, as this 
was required for fixtures (taps, pipes, relay boxes, etc.). The three-vaned 
stirrers shown pull surface water down a cylindrical chimney, made of sheet 
zinc, and project it along the base of the bath to the heater and thermo¬ 
regulator situated diagonally opposite. The stirrer shafts are mounted on 
ball bearings and operate by endless leather drives from a common shaft 
(I" diameter, mounted on four self-adjusting ball bearings) which revolves 














550 


PLANT PHYSIOLOGY 


at approximately 200 B.P.M. Each bath is supplied with a heater and 
thermo-regulator circuit. By slightly overcooling the baths the heaters 
operate intermittently, and more constant control of temperature is ob¬ 
tained than if the constancy of output of the unit and rate of flow in the 
coils were the sole regulating mechanism. By this means the temperature 
variation in the baths does not markedly exceed the sensitivity of the 
heater and regulator circuit. Thermostatic devices are common and 
familiar. The one adopted has been described by Hume (1). It has been 
used with success in other work (2), and is simple and inexpensive, operat¬ 
ing directly from A.C. mains. The heaters used were also of the type 
described by Hume. A long compact U-tube mercury thermo-regulator 
with one fixed and one adjustable platinum contact was fitted to each bath 
(fig. 1). It is a simple matter to vary the volume of mercury in the regu¬ 
lator and thus control the temperature at which the relay operates. 

Thus far the thermostat fittings, etc., are such that the baths could be 
adapted to almost any physiological investigation involving various tem¬ 
peratures. With but little alteration the water baths could be converted 
into air chambers. This actual equipment, however, was intended for use 
in respiration and salt absorption studies analogous to those described else¬ 
where (3). A technique for this work under controlled conditions has 
already been described (2), but this did not include the use of more than 
one temperature in any one experiment, and this of necessity was greater 
than room temperature. In fact the large bath there shown has in con¬ 
junction with the apparatus here described frequently formed a fourth 
and higher temperature. Two of the 4-liter containers previously described 
(2), complete with aeration device, stirrer, and gas-tight mechanical bear¬ 
ings, can be accommodated in each compartment. Figure 1 (second com¬ 
partment) and figure 2 illustrate the baths complete with two containers 
for the respiring material, modified Eeiset towers for carbon-dioxide de¬ 
termination, and a second copper coil through which the flowing gas for 
aeration passes before it enters the first of the experimental vessels.* The 
mechanical stirrers for each respiration vessel are also operated from the 
main shaft by pulleys made in two sections, whose mutual adjustment con¬ 
trols the gear ratio for this drive. 

Working directions 

It is unnecessary to give detailed working directions. A fairly constant 
room temperature (15®-18° C.) standardizes the losses due to radiation and 
increases the stability of the whole system. It is inadvisable to insert the 
full load suddenly, but more satisfactory to cool down the three compart- 

8 For further details of the devices used in regulating the flow and composition of 
gas, see (2). 
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ments one by one to the desired temperature, and then to adjust the flow 
of the glycerin mixture to the minimum amount necessary to maintain it 
(with only intermittent use of the heaters), before inserting another bath 
in the circuit. In this way a low cooling tank temperature is preserved and 
the unit exerts its maximum output. All possible necessary adjustments 
(rate and direction of flow of glycerin, stirring, relays, etc.) are under the 
control of the operator. As approximate criteria of the efficiency of the 
unit, the temperature of the issuing condenser water, the temperature at 
the base of the brine tank (which rises when the unit is overloaded), and 
the presence of ice on the cooling tank and on the external portions of the 
unit (which indicates a reserve of output) are adequate. When the ex¬ 
ternal circuit is eliminated the three-step control fitted to this unit may 
be adjusted to maintain a low cabinet temperature (22° P.) without ex¬ 
cessive current consumption (500 W). 

By using this apparatus it has been possible to carry out efficiently and 
reliably, over relatively long periods of time, experiments upon respiration 
and salt absorption at a variety of temperatures between 0° C. and room 
temperature. It is suggested, however, that the utility of the system de¬ 
scribed is not confined to experiments of this nature, but that granted ordi¬ 
nary workshop facilities, a complete laboratory unit which embodies a 
large cold-storage refrigerator cabinet and three accurately controlled low 
temperature batlis can be constructed at a moderate cost. 

The writer desires to acknowledge his indebtedness to Professor J. H. 
Priestley, who generously provided the facilities incidental to the develop¬ 
ment of this technique. For some technical mechanical suggestions he is 
indebted to Mr. S. G. Richardson, of the Department of Engineering, Leeds 
University, and for technical assistance with regard to the cooling unit to 
Mr. Taylor, of the Leeds branch of the Electrolux Company. 

University or Leeds 
England 
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NEW METHOD OP ARRANGING EXPERIMENTS WITH VEGE¬ 
TABLES IN SAND CULTURES WITH FLOWING SOLUTION^ 

Z. ZUBBICKI 

(with three figures) 

There is a field of research in which it is necessary to keep the contents 
and concentration of nutrient solutions uniform, and therefore sand cul¬ 
tures with flowing solutions are used. The necessary uniformity in the con¬ 
tents of the nutrient solution can be achieved by regulating the flow of the 
liquid. In the laboratories of Prianishnikoff (Agrochemical Experimen¬ 
tal Station) and in the Agricultural Section this method was successfully 
used to determine the reaction of plants to different forms of nitrogen nu¬ 
trition under different conditions, as well as to study the influence of dif¬ 
ferent relations of the elements of the nutrient solution to the development 
of the plants. By such arrangement of the experiments one can be sure that 
during the entire period of growth the plants are feeding either with am¬ 
monia or with nitrate nitrogen. All possibility of the slightest nitrification 
is excluded by the rapid flow of the solution. The reaction of the medium 
varied within narrow limits, fixed by the measurements of pH solution flow¬ 
ing in and out of the vessel. 

The method applied up to now, having been taken in principle from that 
of Allison and Shive (1), is described by Dickoussar (2). Part of the 
arrangement remains unaltered even with the use of mechanization of the 
flowing sand cultures, therefore it is described briefly. The general view of 
the apparatus is shown in figure 1. The supply of 16 liters of nutrient solu¬ 
tion for two days and sufficient to fill two vessels and B^) is placed in a 
bottle tightly closed with a rubber stopper. Through the stopper, the glass 
tube 1 and the siphon 2 are inserted. By means of siphon 2, the solution is 
transferred into the intermediate flask C, Atmospheric air enters the bottle 
A through tube 1. The solution will flow through siphon 2 from A to C 
until the level of the liquid of jar C reaches the height fixed by the position 
of the lower end of the tube 1, admitting the air. When the liquid at both 
ends of the siphon comes to a level the transfer of liquid stops. The solu¬ 
tion goes from jar C through siphon 3, to vessels B^ and Bq along the two 
branches of siphons 4^ and 42, the speed of flow of the solution being regu¬ 
lated by a screw clamp or glass cock. A uniform speed of flow for the two 
vessels is fixed approximately, and by experience a speed is selected so that 
the jar will be drained in a given time. Such regulation is hard to control 
1 Contribution from the Central Scientific Research Institute of the Sugar Industry, 
Agricultural Section. 
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Fig. 1. Diagram of apparatus for control of flowing culture solutions. 

and there is no certainty that the two vessels and B.) are getting the 
same amount of solution, and that the quantity delivered to each will be 
sufficient for the given time. It is especially difficult to work with the screw 
clamp since the rigidity of the rubber tube weakens with time, and the flow 
may stop altogether. The intermediate jar C maintains a steady level and 
creates a uniform pressure in siphon 3, or it would lower with the diminish¬ 
ing of the liquid in jar Ay and the flow of the solution would gradually 
diminish. 

The vessels B^ and B^ have at the bottom of each a glass tube closed by a 
rubber cork, with a glass tube inserted through it. To prevent the sand 
from entering this glass tube, it is covered with glass wool. (The solution 
obtained through this glass tube serves to determine the reaction.) The 
drops of the nutrient solution dripping from tubes 4^ and 4^ are falling 
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always at the same point in the vessel. At the same place there is a column 
of sand being permeated by the solution. The rest of the area of the vessel 
is not irrigated by the solution, and the spreading of the solution over the 
largest part of the vessel is greatly handicapped. 

This circumstance is considered to be one of the greatest defects of this 
system. To start the apparatus it is necessary to force air into the tube 1 
until siphon 2 is filled with liquid, then to draw the solution into siphon 3 
through tube 43 , and to regulate the flow through the offshoots 4^ and 42 by 
means of stop-cocks. During the summer of 1931, the greenhouse of the 
Agricultural Section modified this method in a manner that greatly facili¬ 
tated the work. With the new equipment mechanized and uniform distri¬ 
bution of the nutrient solution in the parallel vessels and B.^) is ob¬ 
tained. Within 2-3 minutes it can be calculated how long a given amount 
of solution will last at a given speed of flow; a thorough graAutational flow 
of liquid through the vessels is also obtained. 

The experiment was carried out with four vessels, since work on beets 
with two vessels is impracticable because of the great variability of crops. 
All four vessels were supplied with solution from a 16-liter bottle (A) with 
the same intermediate jar C as in the previous experiment. The siphon 3 
was changed. Instead of the two offshoots 4i and 42 it had only one, which 
was introduced at the center between the two vessels. 

This offshoot is connected with triplet 1 (figure 2). In the upper arm of 
the triplet there is a glass cock to regulate the flow of the nutrient solution 
simultaneously to all four vessels. The two side arms of the triplet project 
2-3 cm. beyond the border of the adjacent vessel. Through the triplet the 
nutrient solution is divided into two equal parts for the vessels a and b on 
one side and for the vessels c and d on the other side. The whole triplet is 
made of uniform glass tubes (2 mm. in diameter) with side arms drawn out 
to make the outlets as uniform as possible. The exact division of the flow¬ 
ing liquid into two equal parts is obtained by slight turning of the support 
3 in w^hich triplet 1 is clamped. The slightest declination of the triplet 
from its perpendicular position is sufficient to change the amount of liquid 
flowing from each arm. The accurate adjustment of the triplet before use 
may be verified by measuring the flow of the solution. The further dis¬ 
tribution of solution between vessels a and b on one side and c and d on the 
other is accomplished by the swinging curved tubes 2 fastened to a common 
metal support. The general arrangement of the apparatus can be seen 
in figure 2. The details of the swinging tubes are given in figure 3. In 
position 1 (figure 3) the drops of the nutrient solution are falling from the 
triplet into tube 1 ; with accumulation of the fluid in the tube the center of 
gravity of the whole system moves towards the position a, since the solution 
in tube 1 changes its position to the left of the fulcrum. At a certain 
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moment tube 1 tips the entire apparatus into position 2; the fluid from tube 
1 is flowing into the culture vessel, while the nutrient solution is entering 
tube 2. After the tube has been filled with a certain amount of solution, 
it tips the apparatus again into position 1. Tubes 1 and 2 must both be of 
exactly the same glass and bent at exactly the same angle. Before the 
experiment is started they are both adjusted to deliver the same amount of 
nutrient solution. This adjustment is accomplished simply by changing 



Fig. 2. Photograph of apparatus for regulating flow of culture solutions in sand. 

their positions in the holders, and by finally balancing accurately with the 
additional weight 4 (figure 3), which works along the screw. 

Before arranging the experiment the amount of fluid delivered is mea¬ 
sured. It is difficult to make the apparatus regulate the flow exactly, but 
this is not imperative, since it is indifferent for the plants, whether the 
nutrient solution is supplied in portions of 15 or 17 cc. It is important 
only that both tubes deliver exactly the same amount of the solution, and 
distribute it equally between the vessels. The number of cc. the apparatus 
delivers is recorded for each apparatus. 

Every now and then during the vegetative period a check of the setting 
should be taken. To do this it is not necessary to measure the amount of 
fluid delivered; it is sufficient merely to check the time necessary to fill one 
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of the tubes. With exact adjustment both tubes are filled in the same period 
of time. Since the amount of solution delivered from each tube is given, 
it is easy to calculate whether the contents of the supply bottle will last 
until the time of changing the fluid at the set speed of flow. Emptying of 
the tubes into the vessels is done quickly. To prevent washing out of 
the sand, several glass plates are introduced in such a way as to have the 
solution spread over half of the surface of the vessel. Each morning the 
vessels are turned 180° so that each half may be equally irrigated. By 
adding to the length and width of the bent collecting tubes, the amount of 
simultaneously received solution may be increased. This makes possible 



a still more uniform irrigation of the entire vessel. The delivery of the 
solution in portions is greatly to be preferred to drip delivery, which was 
the old method. 

The solution from the siphon is thus distributed into four parts. First 
the division takes place in the triplet, and second at the bottom ends of it 
through the swinging tubes. Opening up one cock simultaneously delivers 
the nutrient solution to four parallel vessels in exactly the same amounts, 
while before it was necessary to guess at the delivery of the solution to each 
vessel by regulating a screw clamp. It is not necessary to adjust the cock 
every day, since the triplet is always full of the solution even if the supply 
jar is empty. It is suflBcient to replace the empty supply jar with a full 
one, and to add the solution to the intermediate jar to have the entire sjmtem 
at work again. 

During the day the temperature of the solution flowing through the 
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tubes rises noticeably and sometimes causes accumulation of air bubbles in 
the triplet, which stops the outflow of the liquid. To let the air bubbles 
escape it is necessary only to give the cock of the triplet a full turn. It is 
advisable to have an extra set of supply jars, as we did in our experiments, 
and to prepare the nutrient solution a day before it is needed. This enables 
one to feed the plants continuously during the growing period. 

To prevent the solution from developing algae both jars are covered 
with black and white paint. All the parts out of the jars are first painted 
with black lacquer, then with white lead. The white color prevents the 
solution from getting exceedingly hot. In recently published work, 
PiRSCHLE (3) recommends covering the surface of the vessels with procelain 
balls, dipped in a mixture of paraffin Avith coal. The black color of the 
balls prevents the vessel from developing algae. Pirschle also rejected the 
previous methods of sand cultures on account of their defects, which I have 
pointed out previously, and adopted a system of pouring a certain amount 
of nutrient solution into the culture vessel by hand every 4 hours. 

This method can hardly be called a successful one; besides, it calls for a 
night shift. It prevents the constant conditions required and introduces 
changing ones. The humidity in the vessels is changing, since the develop¬ 
ing plants in 4 hours are liable during the day time to evaporate a large 
proportion of the water retained in the sand. The concentration of the 
nutrient solution is changing, and the reaction (pH) changes very greatly. 
These changes in reaction might not have been noted in Pirsciile^s work 
if the reaction is considered to be the average pH value of the delivered 
nutrient solution, rather than the pH of the first portions of the solution 
displaced by the entrance of fresh nutrient solution. 

As can be seen from our practice and bibliographical data, the methods 
applied up to the present do not satisfy investigators. The method sug¬ 
gested here for mechanization of flowing sand cultures is a great step for¬ 
ward in the improvement of the method itself, and also greatly facilitates 
the care of the experimental cultures. 

Institute of the Sugar Industry 
Moscow, U. S. S. E. 
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CHARACTER OF HEMICELLIJLOSE IN CERTAIN FRUIT 

TREES" 

In extension of earlier observations on the nature of hemicellulose in 
apple wood,* it has seemed desirable to compare the nature of this extrac¬ 
tive in different species. Branch tissue of two seasons’ growth was taken 
in August from apple, cherry, and pear; but in the case of peach and plum 
one year’s growth was used. After drying at 55°, with bark attached, the 
material was ground to pass a 100-mesh sieve. A sample of 100 gm. from 
tLs.sue freed of lipides, sugars, and starch was hydrolyzed for 3 hours with 
2 liters of boiling 1.0 per cent, (wt.) H 2 SO 4 . Sugars were then separated 
from the neutralized extract by means of hot alcohol. The loss of weight 
through extraction was taken as the hemicellulose content and the result- 

TABLE I 

Percentage distribution op free sugars in the hemicellulose extract op 

PRUIT TREE branches 


Species 

Hemicellu¬ 
lose IN 

DRY WOOD 

Free sugars in hemicellulose 

Galactose 

Glucose 

Xylose 

Ajjple 

20.1 ! 

1 

4.5 + 

48.2 

47.3 

Cherry 

15.4 

1 0.08 * 

' 30.0 

70,0 

Peach 

21.4 i 

0.13 * 

; 18.7 

1 

81.3 

1 

Pear 

23,8 

3.7 + 

1 

! 58.4 

37.9 

Plum 

1 21.7 I 

2.7 + 

j 

1 44.6 

52.7 


• Values given were obtained by Whittier’s procedure (Ind. & Eng. CSim. 16: 744. 
1924) following negative values derived by the Official Method; hence the + estimation 
for the other samples. If, as is highly probable, these values are largely due to presence 
of galacturonic acid, the values for xylose should be correspondingly reduced. 

ing sugars Avere determined by conventional methods as given in Beowne’s 
Handbook of Sugar Analysis. Deduction for the reducing powers of galac¬ 
tose and xylose gave a residual value here expressed as due to glucose, in 
the assembled data of table I. 

The principal variations vrithin the free sugar fraction are seen to be 
I Published with permission of the Director of the Wisconsin Agricultural Experi¬ 
ment Station. 

8 Jour. Biol. Chem. 46: 407-414. 1921; Ind. & Eng. Chem. 16; 139-192. 1924. 

660 
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very low contents of either galactose or galactnronic acid in the cherry and 
peach, together with exceptionally high proportions of xylose in these same 
species. It was found that the alcohol-insoluble fraction of hemicellulose 
in both cases contained nearly equal proportions of glucose and xylose. 
The results for the apple differ somewhat from those reported in the earlier 
examination cited, but the season of sampling and method of hydrolysis 
differed also. 

Small samples of hemicellulose extract were prepared by the preceding 
methods. These were neutralized, fractionated, and subjected to determi¬ 
nation of uronic acids by the usual decarboxylation procedure. The data 
obtained are shown in table II. In conjunction with the low yields of 


TABLE II 

Percentages or uronic acid equivalent in the hemicellulose of fruit-tree 
WOODS, expressed on basis of original dry wood 


Species 

Apple 

Cherry 

Peach 

Pear 

Plum 

1. Decomposed in hydrolysis 

0.21 

0.41 

0.20 

0.20 

« 

2. Free sugar fraction 

1.27 

0.74 

0.90 

0.81 

1.31 

3. Non-free fraction 

2.07 

1.26 

1.54 

1.95 

0.74 

4. Total . 

3.55 

2.41 

2.64 

2.96 

2.05 

5. No. 2 as percentage of No. 4 

36 

31 

34 

27 

64 


* Negative value obtained. 


inucic acid associated with the cherry and peach, as reflected in galactose 
values of table I, the values for these species in table II seem to suggest the 
occurrence of a factor other than galacturonic, such as glucuronic acid. It 
may be observed that the uronic acid equivalent of the free sugar fraction 
constituted about 30 per cent, of the total in the hemicellulose in most cases, 
but twice as much in the plum. 

Prom the use of data in tables I and II, computations have been made 
of the proportions of both free (ie,, of free .sugar fraction) and total uronic 
acid in the hemicellulase of species here considered. The free acid ranged 
from about 3 to about 6 per cent., and the total from 10 to 15 per cent., of 
the hemicellulose. Prom the point of view of proportions involved, glucase 
and xylose would seem to be equally significant reserve components in the 
hemicellulose fraction. It ls interesting to note that the supposed conver¬ 
sion of glucose to xylose had been more extensive in these samples of cherry 
and peach woods than in the other cases. These particular species are 
notable for their capacity to form pentose gums. Here, also, the transition 
through the intermediate hexuronic acids has been remarkably complete, 
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little more than traces of the latter remaining in the tissues.—^W. E. 
Tottingham, Department of Agricultural Chemistry, University of Wis¬ 
consin. 

EXAMINATION OF STARCH AND HEMICELLULOSE EXTRACTS 

FROM APPLE WOOD^ 

This brief statement is presented in the hope that it may prove of ser¬ 
vice to those having occasion to determine starch and hemicellulose in woody 
tissues. Omitting citation of specific cases, mention may be made of preva¬ 
lent dissatisfaction with the current method of expressing these fractions in 
terms of reducing power of their extracts. The observations were made on 
apple branches of one year’s growth, with bark attached. Samples were 
ground to pass a 100-mesh sieve. After the usual extractions by ether and 
hot alcohol, the starch fraction was removed by use of salivary amylase. 
The hemicellulose fraction was extracted subsequently by boiling in 2.0 per 
cent. H 2 SO 4 for one hour. 

Based upon the nearly equal reducing power of the common hexoses and 
pentoses, and the similarity of their anhydride factors, the reducing power 
of these extracts has been expressed as hexosan. In a preliminary series 
of samples the percentage of glucosan in the material extracted varied as 
follows: Sugar fraction 23.5 to 42.7, av. 30.3; starch fraction 41.9 to 88.5, 
av. 67.6; hemicellulose fraction 16.1 to 35,6, av. 26.9. 

In another series of samples the starch and hemicellulose extracts were 
analyzed for contents of pentosan, uronic acid anhydride, crude protein, 
and ash, in addition to the usual determination of reducing power. Using 
the COo yield in distilling with 12 per cent. HCl as a measure of uronic 
anhydride, it has been assumed^ that the latter would yield 16.7 per cent, 
of furfural. Kroeber’s tables gave the average factor of 1.7 for convert¬ 
ing furfural to its pentasan equivalent. From these two values was derived 
the factor 0.3 for converting uronic anhydride to its pentosan equivalent. 
The “true” pentosan content has been derived by subtracting this last 
equivalent from the total value of the function in question. Subtraction 
of the pentose equivalent of “true” pentosan from the total reducing 
power gave a value considered to be the true glucasan or starch. It must 
be recognized that the uronic acids contribute to this function but in minor 
degree, as a result of decomposition. There appears to be no basis, how¬ 
ever, for evaluating this function. 

In eight samples the starch extract gave recoveries as follows: ash 10 to 

1 Published with permission of the Director of the Wisconsin Agricultural Experi¬ 
ment Station. 

sNanji, D. E., Paton, F. J., and Ling, A. E. Decarboxylation of polysaccharide 
acids. Jour. Soc. Chem. Ind. (Trans.) 44: 253T—258T, 1925. 
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* Loss of weight in extraction, 
t As usually determined by total reducing power, 
t Values as compensated for overlapping determinations. 



TABLE II 

HEHICELLUI.OSE CONTENT OP APPLE WOOD, INCLUDING COMPENSATED VALUES 
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t Value as compensated for overlapping determinations. 
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26 per cent., av. 15; crude protein 5 to 26, av. 10; uronic anhydride 9 to 37, 
av. 23; pentosan 6 to 19, av. 12; “true’^ starch 27 to 62, av. 39; total deter¬ 
minations 89 to 150,® av. 100. The individual values have been computed 
to percentages of their respective samples of wood and the *‘true^’ starch 
compared with the usual expression for this factor. These results appear 
in table I, wherein successive pairs of samples represent differences in 
either cultural or developmental conditions which might be expected to en¬ 
tail a lesser starch content in the second sample. It may be seen that the 
‘‘true’’ starch content exhibits wider ratios than the conventional starch 
values, in relation to tissue conditions, while the other carbohydrate con¬ 
stituents vary irregularly. 

A similar examination of the hemicellnlose extract resulted as follows: 
ash 9 to 17 per cent., av. 13; crude protein 1 to 4, av. 3; uronic anhydride 
12 to 27, av. 21; pentosan 19 to 38, av. 25; “true” glucosan 1 to 34, av. 15; 
total determinations 65 to 92, av. 77. As computed to percentage of the 
tissue, the results are presented in table IT. From these it appears that no 
consistent correlation exists betw'een any or all of the carbohydrate constitu¬ 
ents and the cultural history of the tissue. Furthermore, the “true” gluco- 
san content varied independently of the “true” starch content. In these 
respects the hemicellnlose fraction seems to be less definitely and directly 
related to plant performance than is the starch fraction. 

It is recognized that the element of assumption is retained in the pres¬ 
ent treatment. Moreover, the results with one sample indicate that the 
compensations here applied are not generally applicable without either 
modification or reservation. Neverthelass the data appear to be more in¬ 
formative than the conventional values. From the quantitative aspect, 
starch was decidedly more prominent than the uronic acid constituents ex¬ 
tracted with it; and the accompanying quantitie.s of pentoses were rather 
insignificant. In the hemicellulase extract, on the other hand, the lead in 
proportion of extractives rotated among the constituents in question.— 
Henry Otterson and W. B. Tottingham, Department of Agricultural 
Chemistry, University of Wisconsin. 

DETECTION AND ESTIMATION OF FORMALDEHYDE WITHIN 
THE CELL OF A GREEN PLANT BY THE ALLISON 
APPARATUS 

(with one figure) 

Most theories consider formaldehyde the first or at least an early step 
in the formation of sugars from carbon dioxide and water by the green 

8 Only one sample approached this departure, the next highest recovery being 114 
per cent. 
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plant. The demonstration and estimation of this compound within the 
plant cell is therefore of great importance. 

The inadequacy of the usual chemical methods is well presented by 
Spoehr^ and until now no satisfactory method has been found. The work 
of KiiEiN and Werner* and of Pollacci and BergamaschP with dimedon 
appeared to give proof of the presence of formaldehyde in photosynthesiz- 
ing plant cells. Barton-Wright and Pratt* have shown, however, that 
formaldomedon is formed W’hen a solution of sodium bicarbonate is exposed 
to light in the absence of green plants. 

Important factors that must be considered in a test to detect formalde¬ 
hyde in photosynthesizing plant cells are: 1. Is the test specific ? 2. Is it 
sufficiently sensitive? 3. Is the substance detected present in the normal 
cell and not, as may happen in macerated tissue, a decomposition product ? 

The Allison®’ ® apparatus furnishes such a test. It gives readings spe¬ 
cific for each compound in solution regardless of others that may be pres¬ 
ent. Compounds are detected wdthout change. The requirements are that 
the solution must be sufficiently clear and uncolored to transmit adequate 
light to make the necessary observations, and that the concentration of the 
substance being detected is greater than three parts in 10^*. Detailed de¬ 
scriptions of the method^ may be found in the literature, so that only 
enough will be given here to explain the present experiment. 

The solution to be investigated is placed in a glass tube through which 
light passes, and if minima are obtained at scale readings characteristic of 
a specific compound, this compound is knowm to be present. If solutions 
are of sufficient dilution, quantitative determinations may be made with the 
aid of a circle so adjusted as to give the number of degrees through which 
the Nicol prLsm of the apparatus must be turned just to allow or just to 
prevent the appearance of the desired minima. 

Since considerable light can pass through small unicellular algae, such 
as Chlorella, this type of organism appeared to be a means whereby the 

1 Spoehr, n. A. Photosynthesis, pp. 289-291. Chemical Catalog Co. New York. 
1926. 

2 Klein, C., and Werner, O. Formaldehyde as an intermediate product in carbon 
dioxide assimilation. Biochem. Zcitschr. 168; 361-386, 1926. 

8 Pollacci, G., and Bekoamasciii, M. Demonstration with dimethylhydroresorcinol 
of formaldehyde in living plants during chlorophyll photosynthesis. Atti Accad. Lincei 
10; 687-689. 1929. 

^ Babton-Weioht, E. C., and Pratt, M. C. Studies in photosynthesis. I. The for¬ 
maldehyde hypothesis. Biochem. Jour. 24; 1210-1216, 1930. 

8 Allison, Fred. Magneto-optic method of analysis as a new research tool. Ind. 
& Eng. Chem. Analytical Ed. 4: 9-12. 1932. 

6 -, and Murphy, Edgar. A magneto-optic method of analysis. Jour. 

Amer. Chem. Soc. 52; 3796-3806. 1930. 

7 Loe, oit 
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presence of formaldehyde could be detected within the plant cell. The low 
light requirement of such organisms for photosynthesis also makes them 
suitable, since the amount of light coming through the apparatus is so small 
that it is doubtful whether it would be sufficient for most plants to begin 
or to continue this process. 

In testing the algal® culture for formaldehyde, a tube containing dis¬ 
tilled water was first inserted and observations made to determine the pres¬ 
ence of formaldehyde. The test gave negative results. A drop of the algal 
suspension was then introduced and the observations repeated. Minima 
previously determined to be those of formaldehyde appeared (scale read¬ 
ings 21.83 and 21.92). The contents of the tube were then filtered through 
hardened filter paper into another tube and the observations repeated. The 
minima characteristic of formaldehyde were absent, showing that the for¬ 
maldehyde present when the previous readings were made was within the 
algal cell. To preclude the possibility that the formaldehyde was adsorbed 
by the filter paper from the external solution and therefore only appeared 
to have been in the cells, a formaldehyde solution of about the same concen¬ 
tration as that found in the tube with the algae was made. This solution 
was filtered through the same type of filter paper and was found to contain 
the same amount of formaldehyde before and after filtration. 

A brief study was made of the rate of formaldehyde formation as 
affected by the time of exposure to light. The algal cells to be studied were 
kept in the dark over night and until placed in the apparatus for observa¬ 
tions the next morning. Since a small amount of light must pass througli 
the substance examined, and the amount of light necessary for photosyn¬ 
thesis for such algae is small, an initial negative reading could hardly be 
expected. The first circle reading for the appearance of formaldehyde was 
3.5°, corresponding to a concentration, considering the contents of the tube 
as a whole, of about 3.6 parts in 10^^.® This is about as small an amount as 
can be detected by this method. The tube and contents were then placed 
2 feet from a 60-watt Mazda lamp for four periods of 7 minutes each and 
a final exposure of 15 minutes. Determinations were made after each ex¬ 
posure to determine the amount of formaldehyde present. The tube and 
contents were again placed in the dark and observations made the following 
morning. Ten-minute intervals of exposure were made. The first ex¬ 
posure was made 1 foot from a 25-watt Mazda lamp. The other exposures 
were made 2 feet from the same lamp as was used the preceding day. The 
results are shown in figure 1. Circle readings (increased readings show an 

8 Probably a species of Chlorella. 

8 This assumes that the angle corresponds to the same concentration for formalde¬ 
hyde as for calcium. Details for quantitative determinations with the circle will be pub¬ 
lished later. 
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Fig. 1. Change in formaldehyde concentration with time on exposure to light: open 
circles, readings first day; solid circles, readings second day. 

increase in concentration) were plotted against time of exposure. The final 
circle readings, 38.5°, correspond to a concentration of about 5 parts in 10^”. 
The algae were filtered out after the final observation and no formaldehyde 
was then found in the solution. The concentration within the algal cell 
could be determined only if the ratio of the amount of algae to the water 
in the tube were known and providing the effect were the same as if the 
formaldehyde were in the solution surrounding the algae. The fact re¬ 
mains, however, that up to a certain time the amount of formaldehyde in 
the cell increases on exposure to light of a certain intensity and after that 
remains the same, at least for the period observed. 

This preliminary work suggests great possibilities, not only in further 
photosynthetic studies, but in determining various metabolic products of 
small organisms sufficiently transparent to allow enough light to pass 
through for work with the Allison apparatus. The minima for compara¬ 
tively few organic compounds have been determined and the task of finding 
them may be long and tedious. Once these minima are found, the pres¬ 
ence of compounds in solution in organisms of suitable types, such as bac¬ 
teria and small, comparatively transparent fungi and algae, can easily be 
detected.— ^Anna L. Sommer, Edna R. Bishop, and Irene 6. Otto, Ala- 
hama Affricultural Experiment Station, Auburn, Alabama, 





NOTES 


Tenth Annual Meeting.—The tenth annual meeting of the American 
Society of Plant Physiologists will be held in Boston, Massachusetts, on 
December 28-30, 1933. The hotel headquarters is the Hotel Statler, Bos¬ 
ton. The banquet will be held on Thursday evening at the Brunswick 
Hotel, Cambridge. A business meeting has been tentatively arranged for 
the afternoon of December 29. A large attendance is desirable at the 
business meeting, since it is constitutionally possible to transact business 
with final decisions, if the attendance is sufficiently large, without resorting 
to balloting by mail. As the banquet is the main social function of the 
meeting, members will find it desirable to arrive as early as possible, and to 
procure banquet tickets immediately on the opening day. 

Program Committee.—The program committee for the Boston meeting 
consists of the following members: Dr. Carl G. Deuber, Yale University; 
Dr. H. F. Bergman, United States Department of Agriculture; Dr. T. 6. 
Phillips, University of New Hampshire; Dr. Dorothy Day, Smith Col¬ 
lege; and Dr. B. E. Gilbert, Rhode Island Agricultural Experiment Sta¬ 
tion, chairman of the committee. The secretary is ex officio a member of 
the committee. Plans have been tentatively arranged for an attractive 
meeting which no one would wish to miss. 

Membership Committee.—The membership committee, under the lead¬ 
ership of Dr. Laurenz Greene, of Purdue University, has been conducting 
an active campaign to hold and increase the membership of the Society. 
Other members of the committee are Dr. P. P, Cullinan, U. S. Department 
of Agriculture; Dr. A. R. Davis, University of California; Dr. G. T. 
Nightingale, New Jersey Agricultural Experiment Station; and Dr. 
C. F. Korstian, Duke University. The cooperation of all members in 
this work is highly desirable. If two new members were enlisted in each 
of the 48 states, the membership would reach a new high record. Special 
efforts to maintain and increase library support is desirable, also, since 
some of the more meagerly supported libraries found it necessary to dis¬ 
continue subscriptions temporarily. Any member w^hose file is not com¬ 
plete as to available volumes can assist by purchasing back numbers as 
far as they are still obtainable. The first two volumes of Plant Physi¬ 
ology have been exhausted for several years, and volumes three and four 
are scarce. The last four volumes are held in sufficient number to sup¬ 
ply any probable demand for them in the near future. In order to main- 
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tain an uncongested outlet for publication of research in plant physiology, 
we should have support sufficient to publish about 1000 pages annually 
instead of 600. 

Barnes Life Membership Committee. —The Barnes Life Membership 
committee has been appointed by Dr. C. 0. Appleman, president of the 
Society, and the selection of the candidate for the award will be made under 
the liberalized by-laws which were adopted at the time of the annual elec¬ 
tion last June. The committee consists of five members, as follows: Dr. 
Walter F. Loehwing, University of Iowa; Dr. S. V. Eaton, University of 
Chicago; Dr. Charles E. Sando, U. S. Department of Agriculture; Dr. 
George P. Burns, University of Vermont; and Dr. T. G. Phillips, Uni¬ 
versity of New Hampshire, chairman. The selection is usually announced 
at the annual banquet, an event which adds much pleasure to that func¬ 
tion. 

Stephen Hales Address. —The third Stephen Hales address will be 
presented before the Society at the Boston Meeting by Dr. Hubert Brad¬ 
ford Vickery, to whom was awarded for his excellent work on vegetable 
proteins the third Stephen Hales prize at tlie ninth annual meeting at 
Atlantic City in 1932. 

Early Collection of Dues. —Since it is necessary to use our funds for 
publication conservatively and with caution, the editors of Plant Physi¬ 
ology will appreciate an early response to the secretary’s notices of dues 
for 1934. The constitution makes October 1 the date at which the dues 
for the following calendar year become collectible. This provision was 
made to enable the secretary to make up a relatively complete subscription 
list by January 1, so that no loss might be incurred by sending the Janu¬ 
ary number of the journal to those who find it necessary to discontinue 
membership. Early payment of dues gives the editors opportunity to 
plan the scale of publication for the succeeding calendar year with intelli¬ 
gence and with confidence in the continuity of support. 

Jethro Tull. —This year, 1933, is the 200th anniversary of the publica¬ 
tion of Jethro Tull’s great book, Horse-Hoeing Husbandry, which was 
published in Dublin by A. Ehames in 1733. The memorial committee of 
the Society has decided to include a brief memorial program at the tenth 
annual meeting in honor of this event. 

Wound Compensation, Transplantation, and Chimaeras in Plants.— 
The press of Julius Springer, Berlin, has published an extensive mono- 
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graph by N. P. Krenke entitled Wundkompensation Transplantation und 
Chimaren bei Pflanzen, in a German edition, with N. Busch and 0. Moritz, 
of Kiel, as translator and editor respectively. It is no. 29 of the Mono- 
graphien aus der Gesamtgebiet der Physiologic der Pflanzen und der 
Tiere. The first section of the volume deals with natural mechanical 
factors, and the second part with artificial (chirurgical) factors in the 
production of abnormal growths, transplantation, and chimaeras. The 
first section is relatively brief (pp. 1-138), the second part extensive (pp. 
139-877). This second section considers such topics as the reaction of 
cells and tissues to wounding; wound compensation; the results of trans¬ 
plantations; and the phenomena of growth chimaeras. The final section 
and appendix touch upon the problems of immunity, internal therapy, 
and serological relations of grafted tissues to one another. A great deal 
of information has been brought together in this interesting field. It is 
a valuable source book for investigators of such problems. The prices at 
which the publisher quotes it are RM 88 in brochure, and RM 89.8 in cloth 
binding. Orders may be placed directly with the publishers. 

Handbook of Plant Analysis.—The fourth and final volume of this 
extensive handbook by G. Klein has been issued in two volumes paged con¬ 
secutively. The two volumes together have 1868 pages. There is a table 
of constants for knowui plant constituents (pp. 1441-1706), 'svhich gives the 
melting point, boiling point, solubility, and optical rotations as far a.s they 
are known. 

The first half of volume IV takes up methods for determining amino 
acids, amides, amines, proteins, purine and pyrimidine compounds, 
nuclein bodies, alkaloids, cerebrosides, and some unclassified constituents. 
The second half takes up methods of enzjune determination, methods 
of studying fermentation (carbohydrases, esterases, proteases, nucleases, 
amidases, and desmolases), antigens and antibodies, plant hormones, and 
vitamines. Some special methods of biological analysis are included, such 
as water examination, soil analysis, fermentation media, nitrogen frac¬ 
tionation, fractionation and preparation of pure substances by chromato¬ 
graphic adsorption. 

The four volumes of this work bring together the methods for all kinds 
of chemical investigations of plant materials. Those who attempt to use 
the work should not forget that in compiling these methods it has not 
been possible to consider them very critically. The field covered has been 
too broad for any one individual or even for the entire group of authors 
involved to do more than state the methods, without critical comments as 
to the degree of accuracy and as to the precautions which must be taken 
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in their use. Such critical studies will devolve upon the users of the 
work. 

The publisher is Julius Springer, whose Vienna plant has been issuing 
this set. The prices quoted for the two halves of vol. IV are RM 190 
for brochure, and RM 198 for cloth bound copies. Address Julius 
Springer, Schottengasse 4, Wien I, Austria. 

Errata.—^Members and subscribers are requested to note errata for vol¬ 
umes 7 and 8 at the close of the table of contents in this number. 
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